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PREFACE 

The plan of the present work is that of selecting from 
the large body of observed facts bearing on the identification of 
rocks with the microscope those which it is desirable for the 
beginner to get command of in the course of his early studies. 
The work is intended as an introduction to the exhaustive treatises 
on the subject. Inasmuch as the student invariably begins his 
laboratory work with the igneous rocks, these alone, with their 
constituent minerals, have been considered. Such a method of 
attack at once greatly limits the field on its mineralogical side, 
and permits of an extended treatment of determinative methods. 
In the discussion of the characteristics of a given rock-making 
mineral the aim has been to impart at the outset the most impor- 
tant diagnostic information regarding it. In the tables for desk 
use a fairly extended enumeration of the properties of the minerals 
of igneous rocks is given, but here also emphasis has been laid, by 
the use of bold face type, upon their more important character- 
istics from the point of view of the beginner who has to learn to 
identify them. 

The text dealing with the igneous type rocks is devoted entirely 
to setting forth the assemblages of facts of discriminative signifi- 
cance which are made use of in recognizing them in thin sections. 
Such a treatment can make no claim to completeness of exposition 
from the point of view of the geologist. The student will 
not, however, come to regard rocks merely as objects which 
can be classified by the recognition of their mineralogy and struc- 
tures. It is believed that by emphasizing their differences the 
beginner can most quickly be put in possession of a knowledge of 
their complexity, and be led to take the interest in them which 
the petrologist must feel. The difficulties of the student are due 
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vi PREFACE 

in great part to the largeness of the field of petrography and to the 
abundance 'of its Hterature. The very considerable number of 
rare varietal rocks, each with its own name, ia bewildering to the 
beginner. The present work does not aim to do more than tabu- 
late them in a way to facilitate the comparison of their mineral- 
ogical composition and basic structures. 

In the last chapters of the book the precise quantitative classi- 
fication of rocks proposed by Cross, Iddings, Pirsson and Wash- 
ington, is briefly outUned. A relatively large amount of space is, 
however, devoted to acquainting the student with the method of 
calculating the chemical analyses of rocks, the initial step in mak- 
ing use of the valuable body of chemical data made available by 
this admirable scheme of classification. 

The book presupposes an acquaintance with rocks such as is 
gained in the first year's work in geology, and such a study of 
mineralogy as is usually made in a year's course in college. The 
Miller symbols for crystal planes have been used, and the ex- 
panded chemical formulae of minerals have been retained. 

The writer wishes to thank Dr. A. F. Rogers for permission 
to use Figs, 4 and 7, and to thank Dr. J. P. Iddings for his per- 
mission to print the figures in Chapter VIII. The tables for use 
in the calculation of the norm, pages 194 to 221, have been 
added with the generous consent of the authors of "The Quan- 
titative Classification of Igneous Rocks." 

The writer is desirous of acknowledging his large indebtedness 
to Dr. A. F. Rogers, to Dr. H. S. Washington and to Dr. J. P. 
Iddings for their kindly assistance with portions of the manu- 
script, and for the invaluable help which their published works 
have given him. He would also acknowledge with gratitude the 
continued assistance and encouragement extended throughout 
the whole course of the work to him by Professor J. F. Kemp 
of Columbia University, 

G. I, F. 
Colorado Springs, 
JtUy, 1913. 
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INTRODUCTION TO THE STUDY 
OF IGNEOUS ROCKS 

CHAPTER I 
THE QUALITATIVE CLASSIFICATION OF IGNEOUS ROCKS 

Every classification of igneous rocks which ia to serve the 
ends of microscopic study is beset with difficulties, and such a 
concise statement as is made in the Table of Igneous Rocks on 
page 98 may readily be misinterpreted by the beginner, or he may 
fail altogether to understand it. The body of fact to be dealt 
with is large; its adequate simple expression is not easy; and 
there is danger that the student may have no sense of the relative 
values of parts of the subject. It should be understood at the 
outset that while the microscope is vastly better than the un- 
aided eye for the study of rocks still it does not give us all the 
information we need for the more refined descriptions. When 
we do not supplement microscopic study with chemical analysis 
we are in large part forced to consider rocks qualitatively. The 
classification of rocks, as made for microscopic work, ia therefore 
qualitative and not quantitative. As such it lacks the precision 
of the quantitative classification which is considered in Chapter 
IX. Microscopic work has, however, the advantage of being 
exceedingly rapid. The trained eye can infer much about the 
nature of a rock under the microscope almost at a glance. The 
chemical analysis of a rock, on the other hand, cannot well be 
made in less than three or four days. Moreover, the ability to 
make a satisfactory chemical analysis ia the fruit of much train- 
ing. It demands refined skill in manipulation in addition to 
close acquaintance with special chemical methods. Few can 
devote themselves to this Une of research. At the same time 
' .. I ■, Google 



2 INTRODUCTION TO THE STUDY OF IGNEOUS ROCKS 

the great body of facts revealed by the microscope is so im- 
portant to the student of rocks as to be quite indispensable. 

The number of minerals which occur in the igneous rocks is 
small, not far from 90, as compared with the total number of 
minerals known. Of the pyrogenetic minerals, i.e., those formed 
by fusion in igneous rocks, many are very rare; about 25 are 
of first-rate importance for getting at the nature of an igneous 
rock under the microscope. The remainder occur sparingly; 
they are called accessory minerals; and altogether they make up 
only a very small part of the igneous rocks. They are prac- 
tically ignored in the assignment of a rock to its place in the 
classification table. Furthermore, the number of type rocks 
which, by reason of their frequency, it is desirable to set up in a 
classification scheme, is small, much less than a score. The 
student who is familiar with these primary rock types is in a 
position immediately to understand the place of about 150 other 
rocks as being in the nature of variations of the main types. 
He is, moreover, able to read intelligently the literature dealing 
with rocks. Such a knowledge of the main rock types is service- 
able for the mining engineer. 

The key statement which appears below is drawn up as an 
introduction to the table on page 98 at the risk of needless repe- 
tition to emphasize in an unmistakable way the considerations 
on which the qualitative classification of igneous rocks depends. 
GRANITE : alkali feldspars; mica, amphibole, pyroxene; quartz. 

Granitoid texture. 
KHYOLITE; same minerals as granite. 

Groundmass present. 
SYENITE: alkali feldspars; mica, amphibole, pyroxene. 

Granitoid texture. 
TRACHYTE : same minerals as syenite. 

Groundmass present. 
NEPHELITE-SYENITE : alkali feldspars; mica, ampbibote, 
pyroxene; nephelite. 

Granitoid texture. 

n,gN..(JNGOOglC 



QUALITATIVE CLASSIFICATION OF IGNEOUS ROCKS 3 

PHONOLITE: same minerals-as nephelite-syenite, 

Groundmass present. 
QUARTZ-DIORITE ; calci-alkalic feldspars; mica, amphibole; 
quartz. 

Granitoid texture. 
DACITE : same minerals as quartz-diorite. 

Groundmass present, 
DIORITE: calci-alkalic feldspars; mica, amphibole. 

Granitoid texture. 
ANDESITE : same minerals as dio'rite. 

Groundmass present. 
GABBRO: calcic feldspars; pyroxene. 

Granitoid texture. 
BASALT : same minerals as gabbro. 

Groundmass present. 
DIABASE: same minerals as gabbro and basalt. 

Intermediate in texture between gabbro and basalt. 
It appears at once from a study of the key that two considera- 
tions are all important. In the first place we need to know what 
minerals occur in the rock and so give character to it. Were 
other minerals present instead of a given set the rock would 
receive another name. In the second place it is clear that 
different names must be given to rocks which have cooled from 
the molten state at markedly different rates. Thus in trachyte 
the same minerals occur as in syenite. Chemically the two rocks 
may be in all respects alike; but owing to the fact that trachyte 
cooled with relative rapidity its texture is very different from 
that of syenite which cooled with extreme slowness. In the case 
of syenite all of the original molten magma became solid as 
crystalline minerals of much the same size. The progress of the 
cooling was sufficiently long continued for this result. At every 
stage crystals of several minerals were in process of formation at 
much the same time, and these minerals mutually interfered 
with each other as they grew. The ragged boundary line between 
any two crystals is a rough compromise of mutual adjustment. 
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4 INTRODUCTION TO THE STUDY OP IGNEOUS ROCKS 

This characteristic texture finds expression in such rocks as 
granite, syenite, diorite and gabbro. It has been called the 
granitoid texture. The term phanerocrystalline, which ex- 
presses the fact that the rock is composed entirely of crystals 
visible to the unaided eye, is an equally convenient one. On 
the other hand the case of trachyte, for instance, is radically 
different. In it only a few crystals can be seen with the unaided 
eye, and under the microscope the crystals appear of such mark- 
edly different sizes as to point to their growth in different "gen- 
erations." It is known that crystals of certain minerals may 
grow much more rapidly than crystals of other minerals beside 
them, but in many instances crystals of one mineral had attained 
to fairly large size ahead of others and before the lava which 
contained them left its buried position in the earth to be poured 
out as a surface flow. After extrusion the uncrystallized portion 
of the lava may be chilled over .its surface by contact with the 
air, and the whole of its mass cooled rapidly. Only small crystals 
may have time to form under these conditions. If the cooling 
be rapid enough some of the rock will cool as a glass, although in 
such glasses minute crystals have usually had time to grow 
before the freezing of the rock. (See Fig. 45.) When, therefore, 
a rock shows notably larger crystals in a web of httle crystals, or 
when, as often happens, some glass appears enmeshing the 
smaller crystals, individuals of a "second generation," we speak 
of the rock as having a groundmass. The groundmass may be 
wholly crystalline, or partly crystaUine and partly glassy. Much 
of the rock appears stony and non-crystalline to the unaided eye. 
The term aphanitic is employed to indicate this condition. The 
distinction as to texture between phanerocrystalline and apha- 
nitic is easily made. Extrusive and intrusive lavas and dikes 
are characterized by the presence of a groundmass. Those rocks 
which cooled so slowly while deeply buried in the earth as to 
have had all of their substance arranged in crystals of the same 
general time of growth have no groundmass. They are the 
granitoid textured rocks. It should be noted that all variations in 
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QUALITATIVE CLASSIFICATION OF IGNEOUS ROCKS 5 

texture exist from the granitoid texture with no groundmass 
to that which is wholly glassy. None the less the significant 
difference in texture between the granitoid rocks and those 
having a groundmass, depending as it does upon striking differ- 
ences in geological occurrence, is properly given fundamental 
weight in the qualitative classification. 

When the above considerations are bome in mind the table of 
igneous rocks aa drawn up on page 2 may be much simplified 
in its expression. It is at once noted that six of the rock types 
carry the same kind of feldspar, alkali feldspar, while seven other 
rock types may be distinguished from the alkali feldspar rocks by 
reason of the fact that their feldspathic constituent is chemically 
different as being calci-alkalic, or calcic, i.e., lime-soda feldspar. 
Feldspar of one or the other kind is very abundant in nearly all 
igneous rocks. Rarer rock types are met, pyroxenite, peridotite, 
augitite and limburgite, which are almost or wholly lacking in 
feldspar. The classification takes account in the first place, 
then, of the character of the feldspar in the rock. The alkali 
feldspars are represented in the minerals orthoclase, microcline, 
albite, microperthite, so da -orthoclase and soda-microchne. 
These six minerals are aluminous silicates of the alkalies, 
KjO and NajO. The lime-soda feldspars are chemically isomor- 
phous mixtures of the albite molecule, NajO.AlaOa.SSiOa with 
the molecule CaCAlsOa-SSiOs. This occurs pure in the feld- 
spar anorthite, so that the lime-soda feldspars are those members 
of the plagioclase series which contain mixtures of the albite and 
anorthite molecules. 

The six types of igneous rock which are characterized by the 
presence of the alkali feldspars carry in addition to the feld- 
spathic constituents the dark colored silicates mica, amphiboleand 
pyroxene. Any one, any two, or all three may be represented in 
the alkali feldspar rocks, but no account is taken of them in 
making further subdivisions. On the other hand the case of the 
lime-soda feldspar rocks is such that with calci-alkalic feldspar 
we are apt to have preponderant mica and amphibole, while the 
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6 INTRODUCTION TO THE STUDY OF IGNEOUS ROCKS 

calcic feldspar rocks carry pyroxene as the preponderant dark 
silicate. Further subdivisions are made in the case of the alkali 
feldspar rocks on the basis of the occurrence or absence of quartz, 
nephelite and leucite. It is found that many rocks which carry 
nephelite have leucite in them as well. Other rocks are charac- 
terized by the presence of nephelite, and leucite is absent. But 
it is a rule that if either nephelite or leucite is present ina rock quartz 
will not be found in it. If on the other hand quartz is present in 
a rock we shall never find either nephelite or leucite in it. The 
cause back of this fact lies in the chemical composition of the 
molten magmas. When either nephelite or leucite crystallizes 
out of a molten magma it is invariably found on chemical analy- 
sis that the magma was too poor in silica for quartz to form in 
it. In like manner the rocks of the calci-alkalic feldspar division 
are subdivided on the basis of the occurrence or absence of 
quartz. 

The student needs to hold in mind all the while that the 
classification scheme takes account of texture as well as of min- 
eralogical character. Thus alkali feldspars and dark silicates 
of the mica, amphibole and pyroxene series are met in trachyte, 
but the rock is called trachyte for the reason that it is also char- 
acterized by having a groundmass. It is aphanitic. Syenite 
has the same minerals as trachyte but it shows the granitoid 
phanerocrystalline texture. Granite differs from syenite in 
that it contains quartz. Like syenite, nephelite-syenite is 
phanerocrystalline, but it carries nephelite in addition to the con- 
stituents of syenite. In the same way, crudely stated, rhyolite 
is trachyte with quartz added, and dacite is andesite with quartz 
added. Such a statement is, however, misleading for the reason 
that a typical trachyte is in lai^e measure different chemically 
from a typical rhyolite. The chemical composition of the magma 
stamps itself all through the web of the rock in the appearance 
of the several minerals and the groundmass. 

It is believed that with the above explanations in mind the 
beginner will readily understand the expanded form of the table 
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QUALITATIVE CLASSIFICATION OF IGNEOUS ROCKS 7 

of igneous rocks on page 98. As a presentation of important 
rock types it will in some form or other persist indefinitely. The 
student should become thoroughly familiar with it. Its prin- 
cipal defect is that it is not quantitative: For instance we may 
feel safe in calling a granite which has some such percentage of 
quartz as 30 per cent, by the name granite, but shall we also call 
the rock granite if it have only 2 per cent, of quartz? Or is 
such a rock to be called syenite? The study of rocks has made 
it clear that all possible gradations in mineral percentages exist 
between types. Herein lies the great value of a precise quanti- 
tative classification, however much work must precede the 
placing of a rock where it belongs in it. Again all gradations 
exist in the texture of rocks. The gabbro-diabase-basalt series 
will serve to illustrate this. These rocks are composed essentially 
of calcic feldspar and pyroxene. Typical diabase is midway in 
texture between gabbro and basalt. The magma from which 
any one of these three rocks may come is basic, that is, rela- 
tively low in silica, but with abundant iron, magnesia and lime. 
Correlated with this chemical composition is a condition in the 
molten state of ready fluency. It is found that only with diSi- 
culty can the magma be chilled so suddenly as not to permit of 
the growth of good crystals. It may therefore be represented 
under different conditions of cooling by an unusually wide range 
of textures. Analogous cases occur all along the line, and such 
rocks of intermediate texture are commonly referred to as granite- 
porphyry, diorite-jwrphyry, etc. It seems best, however, to 
consider them as variants from the main types, and not to add 
them to the tabular statement. 

Inasmuch as the thin section of a rock to be examined under 
the microscope cuts across individual minerals in a haphazard 
way some individuals will happen to be so sliced as to present 
more evidence for their identification than others not so fortu- 
nately cut. In any one rock slide we usually have many in- 
dividual crystals of the same mineral. We look the field over 
for the most favorable individuals and work on these first. 
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8 INTRODUCTION TO THE STUDY OF IGNEOUS ROCKS 

The safe determination of one of them throws light on the others 
which resemble it so closely as to be distinct in appearance 
from the sections of other minerals. The ability to select favor- 
able pieces for study is conditioned by a knowledge of the means 
to be applied in determining the several minerals. In practice 
we soon become able to recognize many minerals almost at sight, 
and long experience helps us to make a very shrewd guess in 
almost every case. This, however, is not enough. We are in 
the end called upon to apply such tests as may make our determi- 
nations certain. To use the microscope in this work intelli- 
gently we must have clear ideas as to the nature of light move- 
ment in crystals, and a sure knowledge of a number of tests of 
which constant use is to be made. Chapter III deals with the 
movement of Ught in crystals, and in general terms with deter- 
minative methods. In later chapters where the rock-making 
minerals are severally described constant reference is made to 
the discussions in Chapter III. 
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CHAPTER II 

THE DETERMINATION OF THE IGNEOUS ROCKS IN 
HAND SPECIMENS 

The pcrasibility of identifying an igneous rock with the un- 
aided eye or with a hand lens is so limited that the most we can 
do even with considerable experience is to make a shrewd guess 
as to what the rock really is. We can make only approximate 
identifications of a few minerals. We can, however, very readily 
separate the rocks with a groundmass from those which are phan- 
erocrystalline and show the granitoid texture. We can recog- 
nize the siliceous character of some rocks, we can make out the 
basic nature of others, and we can assign others to a half-way 
position between the siliceous and the basic members of the series 
of type rocks. We are aided in judging rightly by knowing that 
certain rocks are very common and others are rare. A simplified 
table of rocks for use in the field is given below. Rocks which are 
common are in bold face type, rare rocks are printed in plain type 
and the constituent minerals are in Italics. 

Having noted the presence or absence of a groundmass we try 
to make out the character of the feldspar. Pink feldspar may 
be assigned to orthoclase or microcline. Feldspar which shows 
Carlsbad twinning is probably orthoclase or microcline. As the 
rock is held in the sunlight one part of the twin will flash brightly 
while the other part looks dull, and when the rock is held in 
another position these effects are reversed. In the orthoclase- 
microcline rocks we note black minerals and these may be biotite, 
hornblende or augite. We can tell biotite by its flashing black 
surface and because we can cleave it with the point of a knife. 
It is soft as well. Hornblende and augite, which are hard and 
not readily cleavable, cannot be told apart unless they come in 
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DETERMINA TION OF lONEO US ROCKS IN HA ND SPECIMENS 1 1 

good crystals lai^e enough for us to make out the six-sided cross- 
section of hornblende or the eight-sided cross-section of augite, 
(See Figs. 34 and 35.) Quartz is recognized by reason of its being 
clear and glassy. We see through it although it may look dark 
because it has a dark background. The feldspars on the other 
hand are not clearly transparent but porcelain-like. We may 
tell leucite by its icositetrahedral form, but in no other way. 
Nephelite may cause the rock to look greasy but we can never 
identify it safely. If the rock contains quartz it will not contain 
either leucite or nephelite. If the rock carries leucite, nephe- 
lite is apt to be present, but quartz will not be present. 

Plagioclase feldspar is often white, or gray, or bluish^ray with 
flashing blue light effects. Its albite twinning may cause its 
surface to appear striated. We try to make out the striations 
with a lens, examining several pieces. When the plagioclaae- 
bearing rock contains black crystals some of which are plainly 
biotite (recognized by its cleavage), we may infer that the inde- 
terminable black mineral with the biotite is hornblende rather 
than augite. When on the other hand the black mineral is all of 
a kind and not biotite, and the rock containing it is plainly basic, 
i.e., of dark color, and having a dull, stony, non-glassy appear- 
ance, we may with some safety call the black mineral augite. 
Olivine in blackish basic lavas may occur in clear glassy greenish- 
yellow grains. We are seldom able to determine this mineral with 
security in other rocks. 

If we can make out this much of the mineralogy of rocks it 
is a very great help, but often we cannot identify the particu- 
lar variety of feldspar, nor can we see quartz. We judge then by 
the color of the rock, and by its appearance, whether siliceous 
or basic or halfway between the two. 

Thus, in working with the lavas which show a groundmass, 
when we see quartz we conclude that the rock is either rhyolite 
or dacite. It is probably rhyolite because this rock is very 
conunon, and dacite is rare. We may be able to make out the 
character of the feldspar. Rhyolite can often be known, even 
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12 INTRODUCTION TO THE STUDY OF IGNEOUS ROCKS 

when we cannot see either quartz or feldspar in it, by its siliceous 
glassy character. It may be extremely glassy so that it breaks 
under the hammer much like artificial glass. The color of rhyo- 
lite may be jet black (suggesting the basic rock basalt) or reddish 
or greenish, but we hold safely in all cases to its siliceous nature. 
Usually if a lava is black and not glassy, but evidently basic and 
"stony" it is basalt. If we see olivine in such a lava we call it 
oli vine-basalt. If the lava is not rhyolite, nor basalt, it may be 
trachyte, phonolite or andeslte. Andesite is very common and 
the other rocks among these three are rare. We guess andesite 
if the rock is medium dark and apiiears to be halfway between 
the siliceous and basic ends of the lava aeries. If we can make 
out plagioclase and biotite the determination is much more certain, 
but we will never refer a rock to trachyte" instead of andesite 
unless we can clearly see Carlsbad twinning on its feldspar. 
If we see leucite we conclude safely that the rock should be put 
with the phonolites but otherwise we have no good reason for 
such a determination. 

When we are working with the granitoid rocks the presence of 
quartz usually means that the rock is the very common rock 
granite, and not quartz-diorite, which is much rarer. We can 
usually prove the feldspar, orthoclase or microcline, by its 
Carlsbad twinning. If we can detect orthoclase in a granitoid 
rock in which there is no quartz the rock may be either syenite 
or nephelite-syenite, we cannot say which. We guess syenite 
because this rock is the commoner of the two. If we cannot 
make out the character of the feldspar the rock may be syenite, 
nephelite-syenite, or diorite; we cannot safely say which one it 
is. Diorite should be darker than the others, and it is more 
common. We may determine plagioclase and so establish the 
position of the rock, judigng that it is not basic enough for 
gabbro, Gabbro on the other hand is plainly basic and generally 
dark. Again in gabbro we can many times clearly make out the 
striations on plagioclase feldspar by examining a number of 
pieces. Labradorite feldspar will often show striations, and it 
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may also be known by its flashing blue-gray or dark drab 
color. 

Diabase is recognized by its very even medium grain, its dark 
pepper and salt color, and its basic character. With a lens we 
may make out something of its peculiar structure, white plagio- 
clase intimately grown together with augite crystals which 
have less individuality than the feldspar. The augite was formed 
last in such a manner as to fill the interspaces between the 
feldspars. 

The student will have no difficulty in the field in telling the 
igneous rocks from members of the two other great classes of 
rocks — the sedimentary and metamorphic rocks. Members 
of the igneous series are homogeneous and their substance is all 
of a kind. Sedimentary rocks are in beds and layers as originally 
deposited under water. Sand grains, consisting of quartz, 
feldspar and the dark silicates, when they are consolidated, make 
ordinary sandstone. Some sandstones are made up almost 
entirely of quartz grains. Gravel consolidated makes conglom- 
erate. Shale is the rock resulting from the consolidation of layers 
of mud. Limestone is formed of calcareous remains, limy shell 
fragments. This rock effervesces readily with HCl. 

The metamorphic rocks are laminated or foliated. To make 
them sedimentary or igneous original rocks have been worked 
over by heat, pressure or chemical means. The metamorphic 
product has a distinct grain as compared with an igneous rock 
but it will not show such definite clear-cut parallel banding as 
appears in the sedimentary rocks. Pure quartz sandstone after 
metamorphism and induration is quartzite. Limestone is in 
the same manner changed to marble. Shale slightly metamor- 
phosed becomes slate. Metamorphism carried further results 
in schist. Granite or conglomerate metamorphosed comes to 
be gneiss. Gneiss is often rich In feldspar and poor in the dark 
constituents, mica or hornblende. Schist on the other hand may 
be poor in feldspar and rich In mica or hornblende. Both rocks 
contain quartz, and they may be in various instances the meta- 
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morphosed equivalents of a considerable number of sedimentary 
and igneous rocks. Gneiss is a metamorphic rock with distinct 
lamination and the mineralogy of a rock in the igneous granitoid 
series. Schist is a foliated metamorphic rock which will split 
into thin slabs or flakes much more readily than gneiss does. We 
get much more information in the held, where a large amount of 
a given rock lies before us, as to whether it is a sedimentary or 
a metamorphic rock, than we do from the study of a single slide 
under the microscope. Often in a thin section we can sefe only 
a little of the structure so apparent in a ledge; but we can with 
precision determine the mineralogical constituents of the rock. 
In the metamorphic rocks a very long series of minerals is repre- 
sented. These cannot be dealt with in the present work, the 
object of which is to treat only of the igneous rocks and their 
minerals. 
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CHAPTER III 

THE MOVEMENT OP LIGHT IN CRYSTALS 

Nature of Light Transmission. — Light is transmitted by vibra- 
tions in the ether. The vibrations of the luminiferous ether take 
place in the plane normal to the direction of the advance of the 
light. For the direction aloi^ which light advances the term ray 
is used. 

The vibrations by which light is transmitted through a min- 
eral in a rock section lying on the stage of the microscope arc 
vibrations in the plane of the section, i.e., parallel to the plane of 
the stage, for the reason that normally incident rays coming from 
below to the section are used, Sound waves are different from 
light waves in that the air particles move forward and back 
along the line followed by the sound wave itself. 

In the case of white light coming to us from the sun the vi- 
bration circuit of any given particle of the ether is believed to 
be an ellipse which is constantly shifting its position in the plane 
normal to the ray. With plane polarized light commonly 
employed in determining minerals the case is different from 
that of ordinary light. In plane polarized light the ether particles 
are believed to trace straight lines in a single plane forward and 
back across the ray path. 

Illustrations of the Nature of Plane Polarized Light 

Some realization of the nature of the wave motion in the 
case of plane polarized light may be gained in the following 
way. Draw a line across the middle of the page from top to 
bottom to mark the light path. Then at right^ angles to this 
line move the pencil point back and forth, carrying it an equal 
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distance away on one side of the line and on the other, with 
the same kind of variation in speed observed in the motion of a 
pendulum. The pencil point is to move fastest when it crosses 
the ray path line and to move on either side of this line more 
and more slowly to the end of its swing, where it is momentarily 
at rest before its return. The distance traced on either side of 
the ray path line gives the measure of the amplitude of the vi- 
bration. The intensity of the light is proportional to the square 
of the amplitude. Consider motion of the pencil along the vi- 
bration line to the right of the ray path line plus, and motion 
to the left minus. The period of the vibration may be defined 
as the time required to trace the circuit of the vibration line 
forward and bacli to the point of starting. By the phase is 
meant a fraction of the time required for a circuit. We may 
call motion to the right of the ray 
path line the plus phase, and motion 
to the left the minus phase. Now to 
5^g , complete the illustration let the paper 

be lilie a machine-belt moving along 
the line drawn for the ray path toward the observer. The trac- 
ing made by the pencil will then be a wave form or harmonic curve 
(Fig. 1), The distance from crest to crest or from trough to trough 
is a wave length, designated by the Greelt letter J(. The wave 
length for red light is .00076 mm.; for violet light the wave 
length, i, is ,00038 mm. Light of different colors has different 
wave lengths, and since light of different colors travels through 
space with the same velocity, the vibration periods must be un- 
like for light of different colors. Violet light for instance vibrates 
twice as rapidly as red light. White light is composite light 
embracing colored light of every wave length in the spectrum. 

To bring more clearly to mind the nature of plane polarized 
light the following illustration is useful. When a rope is made 
fast at one end to a wall and the free end is moved rapidly up 
and down by the hand in a line normal to the ground, wave 
motion is set up in the rope and the vibration of particles in the 
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' rope is in a plane perpendicular to the ground. Suppose now 
' that a slot be cut in a board proportioned to the thickness of the 
rope and to the amplitude of the motion. The rope will then 
move freely up and down in the alot when its plane of vibration is 
, parallel to the slot, but motion in the rope will be stopped com- 
pletely when the slot is at right angles to the plane of vibration 
of the rope. It is important to note that when the slot is held 
at any acute angle to the plane of vibration of the rope some 
slight component of the total vibration will get through. More 
will get through the more nearly the slot and the plane of vibra- 
1 tion of the rope approach each other. 

The Nicol prism, or nicol, placed beneath the stt^ of the 

microscope is an apparatus for producing plane polarized light. 

I Its construction is described on page 21. Plane polarized light 

, cannot be recognized as such by the unaided eye. The vibration 

! direction of the light which the nicol yields should be marked 

! upon it, and the nicol may be so set that this vibration direction 

I is parallel with the N. S. cross-hair. (It will be convenient to 

I refer to the croSs-hairs as the N. S. and E, W. cross-hairs, as 

I suggested by the directions on a map.) We need to make sure 

t of the vibration direction of the nicol below the stage, A 

I simple means of finding the vibration direction consists in placing 

on the stage of the microscope a section of biotite in which the 

cleavage lines running parallel to each other are observable. 

As the mineral is turned on the stage it will be found to absorb 

the light strongly, and in consequence to be much darker, when 

I its cleavage lines are parallel with the vibration direction of the 

I Dicol. 

A principle of the utmost importance in the behavior of light 
is the principle of refraction. When light passes for instance 
from air into a glass plate its velocity is less than it was in air 
and the ray is bent aside from its course or refracted. We 
define the index <^ refraction (denoted by n), of the glass, as the 
ratio between the velocities of light in the two media. Air is 
I commonly taken as the standard of comparison. Let F^. 2 
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represent a section of a glass piate ia air. It can be proved that 
the sine of the angle of incidence, /, measured from the normal 
to the plate, bears a constant ratio to the sine of the angle of 
refraction, R. 

Sine/ 
Sinefi "" 




The ray in going from a 
rarer into a denser medium 
is bent toward the normal. 
In passing from a denser into 
a rarer medium it is bent away 
from the normal. The value 
of n changes for light of differ- 
ent colors, that is, for light of 
different wave lengths. Fur- . 
thermore, the reciprocal of n, 

that is, - , gives the velocity 
of the light in the denser me- 
dium as compared with its 
velocity in air. 
Those minerals which have high values for n (1.600 or more), 
stand out boldly in rock sections- Their outlines are clearly 
marked against other minerals and their surface is rough. This 
circumstance helps in their recognition. Thus olivine (1,671), 
epidote (1.751), titanite (1.938), apatite (1.637), calcite( 1.601), 
garnet (1.745-1.873), zircon (1.952), tourmaline (1.650), corun- 
dum (1.766), the amphiboles and the pyroxenes, with high 
values for n, make a striking appearance in thin sections beside 
the feldspars {1.522-1.594), nephelite (1.540), or quartz (1.550), 
which have values for n much nearer that of Canada balsam. 
.When the feldspars, with or without quartz, make up a large 
part of the rock, the difference between n for them and the other 
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minerals mentioned above is so great as to give the minerals 
with n very high a striking appearance of relief in the section. 

Becke Test for Value of Index of Refraction 

When two minerals side by side in a section on the stage of 
the microscope have a vertical bounding wall between them' 
it is possible with great ease to make out slight differences in 
their indices of refraction. Focus with the high power objective 
on the line between them usii^ ordinary light. Raise the objec- 
tive and a thin line of white light will be seen to make its way 
into the mineral having the higher index of refraction. This is 
known as the Becke teat. 

In isometric crystals, as in amorphous bodies and fluids, tha-e 
is no double refraction, whatever the direction of light trans- 
mission. They are called isotropic media. In tetragonal and 
hexf^nal crystals, as will be shown below, there is double 
refraction for every direction of transmission excepting one 
direction, that of the crystal axis c. This direction in tetragonal 
and hexagonal crystals is the direction of the single optic axis. 
The optic axis, it should be noted, is a direction, not a line fixed in 
one place in a crystal. In orthorhombic, monoclinic and trichnic 
crystals there is double refraction for every direction of trans- 
mission excepting two, the directions of the two optic axes. 

Velocity of light in Various Directions in Crystals Not the Same 

By far the most important single fact to hold in mind regarding 
the optical behavior of crystals is this: that, with the exception 
of isometric crystals, light in passing through them moves with 
unequal velocities in different directions. In orthorhombic, 
monoclinic, andtriclinic crystals, which, optically, form a class by 
themselves, there are three directions at right angles to each 
other {called Z, Y, and X), along which light moves with maxi- 

1 We can teU (bat tb« bounding wall between the two minerals is vertical by shiftiBC 
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mum, intermediate, and minimum velocites. These velocites are 
the reciprocals of the indices of refraction for light transmission 
in the three directions X, Y and Z. In the description of minerals 
not only are these three indices of refraction given, but great care 
is taken to set forth by diagrams and figures the relation between 
the light transmission directions corresponding to them and the 
crystallographic axes. This is the statement of the optical 
orientation. The measurement of extinction angles, to be 
considered later on page 36, on which many determinations de- 
pend, haa to do directly with the optical orientation of the crystal. 

The movement of light in such crystal systems as are mentioned 
above is highly complex. The movement of light in tetr^onal 
and hexagonal crystals which, optically, fall into another class is 
much less complex. In their case two directions only need be 
considered, a direction of maximum velocity with a corresponding 
minimum index of refraction, and a direction at right angles to 
the first direction for rays traveling with minimum velocity. 
The index of refraction for this second direction has the highest 
value for light transmission in such crystals. Light rays which 
travel rapidly may be thought of as having opposed to them 
smaller indices of refraction than those which travel slowly. In 
the description of minerals of this class the values for the maxi- 
mum and minimum indices of refraction are given. One of these is 
for the direction of the crystal axis c, while the other is for direc- 
tions at right angles to it. The optical behavior is related to 
a single axis called the optic axis. This is the same direction 
as that of the c axis. It may be the direction of maximum 
velocity with the direction of minimum velocity at right angles 
to it, or vice versa. 

Light transmission in the remaining class, that of the isometric 
crystals is simple. In them light moves with equal ease or 
velocity in all directions. The ray entering a plate of garnet, 
for instance, at an angle will be bent aside or refracted but it 
will not be broken up. The isometric minerals are called 
singly refracting. All other minerals posses the peculiar prop- 
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erty of splitting up a ray which enters them. After its entrance 
the ray travels as two raya. This is the phenomenon of double 
refraction and the appearance of crystal plates under the micro- 
scope is intimately bound up with it. Double refraction or 
birefringence is conveniently shown by the behavior of the 
mineral calcite. 



Double Refraction. Behavior of Calcite, a Doubly 
Refracting Mineral 

Let a fairly thick rhombohedral cleavage fragment of trans- 
parent calcite be placed over a pin-hole in a card. Two images of 
the pinhole will be seen, and as the calcite is turned on rO, (see 
Fig. 3), as an axis the im^e at E revolves about that at 0, which 
remains stationary. The ray of white light has been broken 
into two rays, an extra- 
ordinary ray E, and an 
ordinary ray 0, which 
comes straight through. 
The extraordinary ray has 
been bent aside or re- 
fracted. It has been found 
that the vibration direction 
in the calcite plate of the 
extraordinary ray, E, the 
direction of the shorter 
diagonal of the rhombohe- Fia. 3. 

dral cleavage piece, is at 

right angles to the vibration direction of the ordinary ray, 0. 
Furthermore it has been found by experiment that E and 
are both rays of plane polarized light. 

Construction of the Nicol Prism. — Perfectly transparent 
calcite is used in the construction of the Nicol prism. A rhom- 
bohedral cleavage piece, as in Fig. 4, is trimmed at the ends 
after the manner indicated by the dotted lines, and then cut 
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diagonally across so that the cutting plane is at right angles to 
the shorter diameter of the rhomb, and at about 93° to the 
cleavage plane trimm^ away slightly in the first place. When 
the two parts have been polished they are 
cemented together in the original position with 
Canada balsam. A ray of light entering the 
prism from below is broken into ordinary 
and extraordinary rays, each of which is bent 
aside. The ordinary ray strikes the Canada 
balsam at such an angle that it does not pass 
through it for the reason that it is reflected 
from the surface of the Canada balsam against 
the blackened side of the prism and lost. The 
extraordinary ray alone is able to come through. 
Its vibration direction as it emerges is that of 
the shorter diagonal of the rhomb. 

The Nicol prism set below the stage is known 
as the polarizer. Another nicol, the analyzer, 
is so fixed above the stage that it may readily 
be made to slide into or out of the tube of the 
microscope. When it is in play, with its vibra^ 
tion direction at right angles to the vibration 
direction of the lower nicol, the nicols are said 
to be crossed. 

The difference in the movement of light be- 
tween an isometric crystal and calcite, a typical 
doubly refracting mineral is this. Let light 
(above), and verticat Originate from a poiut within an isometric 
oroM-sections of tbe mineral. Ordinary rays will move out in all 
directions a certain distance in a given time. 
There will be no extraordinary rays. The wave surface' will 
be the surface of a sphere. 

On the other hand let light originate from a point within 
a crystal of calcite. Smce the mineral is doubly refracting 

' I. «., the illuminated portion of the crystal. 
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both extraordinary and ordinary rays will move out in all 
directions with such velocities that in a given time the wave 
surface for the ordinary rays will be the surface of a sphere, 
and the wave surface for the extraordinary rays will be the 
surface of an ellipsoid of rotation lying wholly outside the 
spherical wave surface of the ordinary rays; crudely put, a 
bail inside an egg. Along one direction only, and this is the 
direction of the optic axis, both ordinary and extraordinary 
rays will move with equal velocities. For calcite the optic 
axis is at the same time a diameter of the spherical wave surface 
for the ordinary rays and the axis about which the ellipse must 
be rotated to make the wave surface for the extraordinary rays. 
The optic axis is abo the direction of c, the crystallographic axis. 
When the index of refraction for light traveling in a certain 
direction is given we have a measure of the velocity of the 

light since it is proportional to . In tetragonal and in hexagonal 
cryatab it is found that the indices of refraction for extraordinary 
rays traveling in all possible directions are radii vectores of an 
ellipse whose major and minor axes are proportioned to the maxi- 
mum and minimum indices of refraction in the crystal. By the 
construction of such an elliptical section of the wave surface of a 
hexagonal or tetragonal crystal we are able to prepare a figure by 
which we can determine graphically the vibration direction and 
index of refraction for any direction of light transmission in the 
crystal. 

Graphical Determination of the Vibration Direction and Index 
of Refraction 

Given the values for <o, the index of refraction for the ordinary 
ray, and s, the index of refraction for the extraordinary ray 
where <ii>e, let the ellipse be so constructed that its longer axis 
equab ot and its lesser axis equals £ {Fig, 5). Draw on AA' as 
diameter the circle ABA'B'. If now the ellipse and circle be 
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rotated about AA' as an axis the resultant spherical surface 
will represent the wave surface for the ordinary rays, and the 
surface of the ellipsoid of rotation the wave surface for the 
extraordinary rays. Draw the line NN' anywhere through the 
center of the ellipsoid of rotation whose axes are as has been said 
proportional to the major and minor mdiees of refraction for the 
mineral in question. Let PP' be the plane tangent to the ellip- 
soid and also parallel to JVJV'. 
Then VD the normal to the tan- 
gent plane PP' will be perpendic- 
ular at the same time to NN'. VD 
is the vibration direction of the 
extraordinary ray traveling along 
NN', and for this ray it gives 
graphically a measure of the index 
of refraction intermediate between 
the values w and t. The velocity 
of the ray traveling along NN' = 
vft' Tetragonal and hexagonaJ 

nation ol '^ ^ 

iiocityot crystals in which the velocity of 
'su^onTo" i^iKonsU^yaMLi"""^'' * ^^^ Ordinary ray equals the velocity 
of the fastest of the extraordinary 
rays are optically positive. When, however, the velocity of the 
ordinary ray only equals the velocity. of the slowest of the 
extraordinary rays the wave surface figure is different from 
that constructed above in that the sphere is entirely inside 
of the ellipsoid of rotation. Such crystals are optically nega- 
tive. Given the basal section, recognized by the fact that it is 
dark between crossed nicols, it is easy to determine the -|- or 
— optical character of the mineral. The optical figure obtained 
from the basal section with convergent light is used for this 
determination. (See page 31,) The determination may be made 
on any other section provided that the trace of the c axis is known. 
{See page 30.) 
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Directions of Vibratton of Eztraordinaiy and Ordinary Rays in 
Sections of Tetragonal and Hexagonal Crystals 

It has been found that for any direction of transmission in 
tetragonal and hexagonal crystals there are two vibration direc- 
tions in the plane normal to the ray. That for the extraordinary 
ray is at the same time in the plane passed through the ray and 
the optic axis, while that for the ordinary ray lies in the plane 
perpendicular to the plane of the ray and the optic axis. This 
means that when a plate of a tetragonal or hexagonal crystal cut 
at some angle other than 90° to the c axis (i.e., any section except 
the basal section), lies on the stage of the microscope there are 
two vibration directions in it perpendicular to the normally 
incident ray from below. The trace of the optic axis on the 
section plane defines the vibration direction of the extraordinary 
ray, and the vibration direction of the ordinary ray is at right 
angles to this line. These two vibration directions are very 
easily determined with crossed nicols, for when the section is 
turned until darkness results then the two vibration directions 
in the mineral are lined up with the cross-hairs (the vibration 
directions of the nicols). It is as though in the experiment 
outlined on page 16 we had, to represent one nicol, a rope with a 
vertical vibration direction which encounters a slot that is 
horizontal so that none of the wave motion gets through; and, at 
the same time, and along the same wave path, we had, to re- 
present the second nicol, another rope with a horizontal vibration 
direction which encounters a slot vertically across its path so that 
all wave motion is stopped. 

Explanation of Colored L^ht Between Crossed Nicols. — As 
soon, however, as the section is turned from this position the 
vibration directions in the mineral section no longer coincide 
with the vibration directions of the nicols and we get crossed 
nicol light of some definite color. It increases in intensity until 
the vibration directions in the mineral section are turned 45° 
away from the vibration directions of the nicols. From this 
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point on the light loses intensity as the section is turned until the 
next extinction position is reached at 90° from the first. There 
are four such positions of extinction in 360°. The explana- 
tion of the occurrence of colored light may be understood by the 
help of Fig. 6. Plane polarized light, not distinguishable as 
such by the eye alone, comes to the section of the mineral from 
below with normal incidence. Since the mineral plate is doubly 
refracting there are two rays, ordinary and extraordinary, for 
each one of the components of the white light. These two rays 
and E are each plane polarized and they' vibrate at right 



ff 



angles to each other. Consider any component of white light, 
as for instance red light. For red light the extraordinary ray, 
as being refracted, has a longer path to trace than the ordinary 
ray for red. The extraordinary ray may emerge from the 
mineral plate a whole wave length, X, a multiple of ^, or a fraction 
of ^ behind the ordinary ray. In the case where E emerges a 
whole A behind the two rays vibrate at right angles to each 
other until they reach the upper nicol. In it they yield opposite 
and equal components with the result that the red ray is not 
able to get through the upper nicol and is lost. The resultant 
light will be white light minus the red component. Ag^n if 
the ray E emerges just j-i behind for red they will yield such 
components in the upper nicol as to permit the red light to pass 
through it most strongly. 
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Only those rays which have the same wave length can interfere. 
Thus a and b (Fig, 6) in exactly opposite phase and with their 
vibration directions in the same plane nullify each other. For 
each of the color components of white hght E may emerge be- 
hind 0, and if the retardation amounts to one or more whole -I's 
that color is lost by the action of the upper nicol. If the retarda- 
tion is just } ^ or a multiple of i ^ the color gets through the 
upper nicol. In the end it happens that the color components 
whose difference between and E is whole ^'« or nearly whole i's 
are lost, and the colors which get through are those which have 
and E ^ i, s multiple of ^ ^ or nearly such an amount apart. 
These surviving components are mixed together so that a definite 
color results. The maximum intensity of the colored light 
appears when the planes of vibration in the section are at 45° to 
the vibration directions of the nicols for then most light can get 
throi^h the upper nicol. The light which results from this 
complex state of affairs is some fraction of the original white 
light coming from the sun. By far the larger part of the deter- 
minations with the microscope is made with crossed nicol light 
and the resultant colors are very characteristic. They vary for 
sections of different thicknesses, and for sections cut from a 
given crystal in different crystallographie directions. 

Determinative Value of Interference Colors. — If the section 
is cut parallel to the c axis, in tetragonal or hexagonal crystals, 
and therefore parallel to the direction of the optic axis, it will 
exhibit the maximum interference effect of double refraction, or 
birefringence, for all sections of the mineral in question. This 
color will be highly characteristic of the mineral and an observa- 
tion of it is of great determinative value. For ready comparison 
with the maximum crossed nicol colors of other minerals such a 
colored chart as is given at the end of the book {Plate I) is a 
necessity. In the first place in using it one needs to find in the 
slide a prismatic section of some common mineral such as quartz. 
Such a section parallel to the c axis will give the maximum effect 
of birefringence for quartz. 
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The interference color for the prismatic section of quartz issome- 
where on the slanting line .009 on the chart. (Plate I.) The 
intersection of this Jine with the interference color on the chart 
corresponding to that exhibited by the mineral is at the point 
where the horizontal line, giving the approximate thickness of the 
section in hundredths of a millimeter, Ues. That is the chart 
gives the crossed nicol colors for prismatic sections of quartz 
corresponding to slides of various thicknesses up to .06 mm. 
When once the thickness of the section is known in this way 
the highest interference colors possible for all the other minerals 
present in the section may be found on the horizontal line, 
corresponding to the thickness of the section, where this horizon- 
tal line crosses the slanting birefringence lines given for these 
other minerals. (See color chart, Plate I.) 

It is to be noted that apatite with a birefringence value, the 
difference between e and ti>, equal to .004, and nephelite (.005), 
whose birefringence is very low, can never give brilliant inter- 
ference colors in rock slides, but only grays and blues. Quartz 
(.009) reaches yellow in .03 mm. sections. The feldspars from 
a 1 bite to anorthite may be so cut as to show higher colors than 
quartz, and they often reach yellow. Augite (.025) gives 
brilliant interference colors notably higher than those for horn- 
blende , (.016). The pyroxenes diopside (,029) and aegirite- 
augite (.029) are marked by brilliant interference colors as 
are also olivine (.035) and epidote (.038). Minerals with very 
high birefringence values as segirite (.050), zircon (.062), titanite 
(.145), and caleite (.172), show colors of such high orders in 
which the rays blend to make light approaching white light, 
that for them the change between ordinary light and crossed 
nicol light is never marked. A critical study of these effects is 
of great service in the identification of the several minerals. 

Determination of Faster and Slower Rays in Mineral Sections'. 
— The colored chart is furthermore exceedingly useful since 
by its aid we can determine which one of the two vibration 
directions in a given plate between crossed nicols is the vibration 
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direction of the slower or faster ray. Having noted the crossed 
nicol color of the mineral in the 45° position of maximum light 
when necessarily each of its two vibration directions is 45° from 
the cross-hairs, we place in the slot provided for the purpose 
above the objective a thin plate of mica. The mica plate has 
of couree its own two vibration directions, and one of these, the 
vibration direction of the slower ray is marked on it by an arrow. ' 
With the nicols crossed[in.he vibration direet ion .of the slower ray, 
running in the 45° direction, happens to lie over the slower ray 
of the mineral on the stage, then the effect is that of thickening 
the plate, bringing its interference color higher up on the chart, 
(to the right). If on the other hand the vibration direction of the 
slower ray in the mica plate happens to cross the vibration direc- 
tion of the faster ray in the mineral section under examination the 
effect is that of lowering the interference color. Some color 
lower in the scale (to the left hand) results.' 

When we are working with long lath-shaped sections of crys- 
tals and note that the vibration diEfictiiw of the slower ray is 
parallel or nearly parallel with the long direction of the crystal we 
call the sign of elongation or the elongation character -|- ; and 
when the vibration direction of the faster ray falls with the long 
direction the elongation character is — . By referring to the 
table at the end of the book it will be seen that this test is of 
diagnostic value in the case of many minerals. 

Inspection of the interference color chart makes it clear that 
with a section of given thickness, .03 mm, for instance, the 
interference color, which for any mineral is highest for one 
particular section of that mineral, will in general be lower than the 
ioterference colors of minerals whose indices of refraction are 
higher. More accurately stated, the higher interference colors 
go with the minerals having the higher values for the difference 



■ changn. The effect oi the inlDBrBl on the gypsun 
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between n in the caae of their fastest ray and n in the case of 
their slowest ray, e-oj, or y-a. 

By using the color chart and the mica plate we may often 
determine the positive or negative character of a tetragonal or 
hexagonal mineral, working on sections in which, by their crystal 
outlines or in any other way, the direction of the crystal axis c 
is known. The vibration direction of the extraordinary ray in the 
section is the direction of the crystal axis c. The slower ray is 
the extraordinary ray in positive crystals. When therefore we 
determine that the vibration direction of the slower ray is parallel 
to the c axis, the mineral is positive. The minei'al is positive 
when (u<t. 

When we are measuring the extinction angles of the am- 
phiboles and the pyroxenes we often need to know whether it is 
the faster or the slower ray whose vibration direction we take. 
(See page 36.) To this end we use the mica plate in the manner 
indicated above. 

Plates of isometric minerals, however they are cut, are all 
alike in their behavior between crossed nicols: they remain 
continuously dark. There is no optic axis and no figure can 
be obtained from them by the use of convergent light. This 
circumstance is of the greatest possible value in enabling us 
to pick out readily such minerals as leucite, sodalite, noselite, 
haiiynite, analcite and garnet. 

Tetragonal and hexagonal minerals have a single optic axis. 
Parallel to this, the direction of the c axis, both ordinary and 
extraordinary rays move along the same path. The extra- 
ordinary ray is not refracted. Both rays go through a basal 
section on the stage of the microscope with no phasal difference 
and darkness results with crossed nicols. Basal sections of 
uniaxial minerals yield the uniaxial figure with convergent light. 
In this respect they are different from sections of isometric 
minerals. All other sections whether prismatic, or lying between 
the basal and prismatic sections, are light and dark four times 
with crossed nicols. The prismatic section yields the maxi- 
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mum effect of interference with crossed nicols, and gives, con- 
sequently, the highest birefringence color possiUe for the miaeral. 
Uniaxial Figure. Determination of Positive or Negative 
Optical Character. — The optical character is very readily deter- 
mined when a convergent light figure is obtained from a basal 
section.' The figure is a dark cross without rings or with one 
or more rii^s of colored light (Fig. 7). The cross is dark because 
over its area all the light is cut out by the nicols. The rings are 
due to the interference effects out from the center where the 
rays meet with phasal differences of i, 2-i, 3^, etc. Let the 
quadrants of the figure be designated p „. The extraordinary 
rays in the figure vibrate in directions like the spokes of a wheel, 
the ordinary rays vibrate at right angles to 
the radial vibration directions of the extra- 
ordinary rays. In positive crystals the ex- 
traordinary ray is the slower ray. AVhen 
therefore a mica plate is put in above the 
figure so that the direction of its slower ray 
cuts across the quadrant^AB the direction 
of its faster ray cuts across the quadrants 

CD. The mica plate is of such a thickness tBined with minvergent 

that the phasal difference between its extra- 'ieht from a buai eeetion 
ordinary and ordinary rays, after they have ^^^ crystBr" 
passed through it, just equals ^i. This in- 
troduces systematic discrepancies in the uniaxial figure. The 
cross disappears because there is now some phasal difference over 
its former area. The rings in the quadrants A and B appear 
farther in than they were before the introduction of the mica 
plate. Slow ray lies over slow ray in their case, the effect is 
that of thickening the plate, and the conditions for bringing 
about phasal differences equal to i, 2i, 3^, etc., are met far- 
ther in. The dark spot at the center is replaced by a phasal 

' To obtain ao optical figure we Gret focus with the high power objective and center the 
sad remove the eye-piece. 
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difference of J^ and at that point there is light. In the 
quadrants CD the conditions are the other way round. The 
fast ray lies over the slow ray E, the effect is that of thin- 
nii^ the plate, and the conditions for bringing about phasal 
differences equal to X, 2i, ZX, etc., are met farther out than 
they were before the mica plate was introduced. The rings 
therefore move out. The dark spot at the center for the quad- 
rants CD is broken into two spots. This is the most significant 
change of all. When the line between these two spots crosses 
the arrow on the mica plate the mineral is positive. When 
these two spots are ia hne with the arrow the crystal is n^ative. 

When a section inclined by some slight angle away from 
the basal section is used the figure does not lie wholly within 
the field. The center of the cross goes around outside the 
periphery of the field in the same direction as the stage is turned. 
The arms of the cross maintain their true directions N.S. and 
E.W. Enough of the figure may appear for the determination 
of the + or — character. 

The number of rings occurring in the uniaxial figure (other 
things being equal, i.e., with the same lens, and sections of the 
same thickness) depends upon the birefringence values of 
various minerals. Calcite, with s-m very high, will have 
a very sharp cross and several rings. Quartz will have a 
cross less sharp but still well defined, and only one colored 
ring is likely to show in the field. Nephelite, with a very low 
value for s-w, will have a very poorly defined cross, and no ring 
will appear in the field. 

The study of the optical properties of biaxial minerals' may 
be begun by a careful examination of Figs. 13 and 14, which 'are 
drawn to indicate the optical orientation of orthoclase. Fig, 8 
should be consulted in connection with them. Rays of light 
moving out from the center of a biaxial crystal behave for the 
most part as extraordinary rays, although some rays behave as 
ordinary rays. Light originating at a central point within the 

< Oithorhombic, manocliaic and tricLlnic min^rale. 
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crystal moves out in all directions so that at the end of a given 
time the wave front for all the rays will be an ellipsoid con- 
structed on three unequal axes, X, Y and Z, at right angles to ' 
each other. Fig. 8 shows the three plane sections XZ, XY and 
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YZ, which are planes of symmetry for this triaxial ellipsoid. 
There are four conical depressions on its surface, opposite to the 
arrows, Fig. 8. It is not an ellipsoid of rotation for its axes 
X, Y and Z are unequal each to each. X ismade proportional 
to a, Y to ^ and Z to ?*, a being the minimum, ;■ the maximum, 
and ^ an intermediate value for n in the crystal. 
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. When a racdom section is cut from a biaxial mineral and 
placed on the stage of the microscope the normally incident 
light coming from below will in the great majority of cases be 
broken into two rays which will behave as extraordinary rays, 
-vibrating in the section at right 
angles to each other. These 
two vibration directions in the 
mineral plate under examination 
will always correspond, however 
the section has been cut, to two 
among the three directions X, Y 
andZ. 

Fig. 9 is drawn to show the 
relations between X and Z and 
the crystal axes c and a in the 
plane of symmetry, (010), the 
clinopinacoid, in hornblende. 
In this mineral the crystal axes 
c and a meet at angles which 
are nearly 74° and 106°. The 
angles between c and a are des- 
ignated as the acute and the 
obtuse angles between c and a. 

The concrete statement re- 
garding the movement of light 
in hornblende is as follows. 
Fig, 9.-H<,rDbbnde, (010) .action, There are in the mineral three 
tbe'^Bt'ai' flile. Che optiraiM, and the directions at right angles to each 
two MS! X, andz, of thetriaiiaieUipBoid other which have, Severally, a 

»howQ in Fig. 8. . . .' _;' 

mimmum, a maximum and an 
intermediate value for n^ and light moves through hornblende 
with different velocities in different directions. In Fig. 8 let 
a distance measured from on X be made proportional to 
a, 1.629, the minimum value for n in the mineral. Let a 
distance measured from on Z be made proportional to t, 

'Ona of mimy iotermediatH valuM. ^-. , 
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1.653, the maximum value for n in the mineral. OY should 
be proportional to ^, 1.642, the intermediate value of n. 
Light startii^ from a point at the center of the crystal 
will in a given time move out a certain distance. In the 
plane of X and Z, the plane of the paper, Fig, 8, one set 
of rays, vibrating parallel to Y, will advance in all directions 

with a velocity = ^, that is t^ts- ^^^ wave front will be a 
circle. At the same time, in the same plane, that of X and Z, 
another set of rays will advance in all directions in such a manner 
that its wave front will be an ellipse. A ray will move in the 
direction OX, vibrating parallel to Z, with a velocity equal to 

,thatig, ,-„j.o. Another ray will advance in the direction OZ, 
vibrating parallel to X, with a greater velocity than the first. 
Its velocity will be equal to , that is, jc^; and in every 
intermediate direction between OX and OZ rays will advance 
with velocities intermediate between the velocities of the rays 
on OX and OZ. The elliptical wave front of the second set of 
rays and the circular wave front of the first set of rays, mentioned 
above, will intersect each other at four points as in Fig. 8. These 
are the points of emergence of the lines marking the directions of 
the optic axes. 

Similarly, in the plane XY, one set of rays will have a circular 
wave front lying entirely inside of an elliptical wave front for 
a second set; and in the plane YZ one set of rays will have a 
circular wave front lying entirely outside of an elliptical wave 
front for a second set. (See Fig. 8.) Along the directions of the 
two optic axes light moves with equal velocities, and behaves in 
such a manner as to recall the single optic axis to which the be- 
havior of light in the uniaxial (tetragonal and hexagonal), 
crystals is related. 

The angle between the optic axes is designated by 27. In 
hornblende the value of 27 is about 60°. (See Fig. 9.) In this 
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mioeral X is the line bisecting the acute angle between the optic 
axes, and Z bisects the obtuse angle between them. X is called 
the acute bisectrix, written Bxa, and Z the obtuse bisectrix, writ- 
ten Bxo- Y is normal to the plane of the optic axes, the plane 
(010), in which X and Z lie. If we have a section of hornblende 
cut perpendicular to Y we can measure the true extinction angle. 
The direction of the cleavage cracks gives us the direction of the 
crystal axis c. We make this parallel to the N.S. cross-hair and 
with the nicols crossed turn until we get darkness by brining 
the vibration direction Z into line with the cross-hair. By using 
the mica plate in the manner described on page 29 we can make 
sure that we have turned to Z, the vibration direction of the 
slower ray, and not to X, the vibration direction of the faster 
ray. When these relations are clearly understood the statement 
of the extinction angle for hornblende may be recorded very 
simply: c A 2 = 19° 53'. The extinction angles measured from 
c to Z, or in other cases from c to X are quite characteristic for 
the several varieties of amphibole and pyroxene, and it is by 
these means that they are determined, as appears on pages 80, 
84 and S7. It is evident that the extinction angle on the section 
(100) of hornblende will be 0°, for in it there will be no angular 
difference between the directions c and Z. We need, therefore, 
to know how to recognize the section (010). Since X, with its 
value for n = a, and Z, with its value for n = ]r, both be in 
(010), this section will show the maximum effect of birefringence 
dependent upon the value of ;- — «. Therefore no other section 
will exhibit interference colors that are as high as those given by 
the (010) section, parallel to the plane of the optic axes. 

In the great majority of cases Bectiona cut from a crystal 
do not happen to be parallel to (010) nor are they perpendicular 
to one of the optic axes. Normally incident light coming to 
such sections, including, often, the (010) section, from below the 
stage is broken into two rays, both of which behave as extra- 
ordinary rays, since they are both refracted in the section, and 
both leave it along lines not normal to its upper surface. Sec- 
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tiona which happen to be cut perpendicular to an acute bisectrix 
are of great importance for they yield the best figures with 
convei^nt light. (See page 38.) 

Starting with the above particular statement of the optical 
orientation of a single monoclinic mineral we may proceed to 
discuss the optical orientation of the monoclinic, orthorhombic 
and triciinic minerals in general terms. Minerals in the three 
systems referred to are called biaxial minerals for the reason that 
they have two optic axes. The behavior of light in tetragonal 
and hexagonal crystals is related to one optic axis only. Isomet- 
ric minerals are in a class apart from all the others, which are 
doubly refracting, for the reason that isometric minerals are 
singly refracting. 

In monoclinic crystals the plane of the optic axes is not always 
parallel to (010). It may be at right angles to (010). Of the 
three axes of the ellipsoidal wave surface of light, X, Y, and Z, 
one axis will in any case be parallel to the crystal axis b, and the 
two other axes of the wave surface will lie in (010). X and Z 
always lie in the plane of the optic axes. X and Z are the bi- 
sectrices, and either one may in a given mineral be the acute 
bisectrix. 

■ The three possible orientation schemes for monoclinic minerals 
are as follows. 

(1) X and.Z lie in (010) and Y is parallel to b. X may be 
the acute bisectrix (see Fig. 14 for orthoclase in which the four 
small circles are the points of emergence of the optic axes), or 
Z may be the acute bisectrix. 

(2) Y and the acute bisectrix, which may be X or Z, lie in 
010). (See Fig. 13 for orthoclase.) 

(3) Y and the obtuse bisectrix, which may be X or Z, lie in 
(010). 

When X is the acute bisectrix the mineral is — . When Z is 
the acute bisectrix the mineral is +. X=a and Z = y. 

The optical orientation of orthorhombic minerals is much 
more easily understood than that of monoclinic crystals. In 
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orthorhombic minerals X, Y and Z are each parallel to a crystal 
axis. The statement of the optical orientatioti must tell us to 
which crystal axis each of the three axes of the wave surface, 
X, Y and Z, is parallel. We get parallel extinctions on sections 
of orthorhombic minerals. 

In triclinic minerals the axes X, Y and Z are oblique to the 
crystal axes a, b and c. The student needs to have the optical 
orientation before him in order that he may measure the ex- 
tinction angles intelligently, 
and that he may deal ade- 
quately with the convergent 
light figures referred to below. 
Biaxial F^ure with Conver- 
gent Light. — A section cut 
squarely across the optic axes 
of a biaxial mineral, i.e., per- 
pendicular to the acute bisec- 
trix, yields a figure with con- 
vergent light which in one posi- 
tion is like Fig. 10. This is 
the 45° position, when the 
hyperbolse are farthest apart. 
When the section is turned 45° 
away from the position of Fig. 
10 the hyperbolae unite to form 
a heavy cross. The middle points of the hyperbolse, when they are 
farthest apart, give us the points of emergence of the optic axes. 
The distance between the hyperbolse gives us a rough measure of 
the angle between the optic axes, 2V. The actual angle cannot 
be measured with the pctrographical microscope. When, how- 
ever, 2V is nearly 90° and we happen to get a section cut at right 
angles to an optic axis we can recognize the presence of an angle 
near 90° between the optic axes by the figure. Only one bar 
shows in the field and as the section is turned the bar does not 
bend. Olivine illustrates this, see page 75. This is an xmusual 
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occurreace. But when one bar alone shows in the field and this 
bar bends as the stage is turned we can judge roughly of the size 
of the angle between the optic axes. The bar will curve sharply 
when the angle 2V between the optic axes is small; when the 
ai^le is large the bar will curve but slightly. 

If a thick section of the mica muscovite is used we get an 
admirable figure. The basal cleavage pieces of muscovite are 
sections of the mineral almost exactly at right angles to the 
acute bisectrix. Immediately around the points of emergence 
of the optic axes are circles of colored light. Longer colored 
bands surround the whole interference figure. These have 
the form of lemuiscates "figure eight" curves. The colored 
interference circles and bands are explained in the same manner 
as the rings about the uniaxial cross. To find the vibration 
directions at any point in the figure connect the point with 
the two points of emergence of the optic axes, and bisect the 
angle thus made at the point in question by the two lines. The 
bisecting line is one vibration direction and the other vibration 
direction is at right angles to it. 

In mica the direction of the line joining the points of emergence 
of the optic axes is the vibration direction of the slower ray. 
The mica test plate referred to on page 29 may be placed upon 
the stage of the microscope and made to yield a figure. When 
as in-Fig. 10 the hyperbolae are farthest apart (the 45° position), 
the direction of vibration of the slower ray may be noted and 
marked upon the plate with an arrow. 

Determination tA the Optical Character of Biaxial Crystals. — 
For the determination of the optical character of biaxial min- 
erals a wedge of quartz is used. The quartz is cut in such a 
way that one side is the prism plane, and the other side of the 
wedge is inclined slightly away from the prism direction. At 
the same time is has been so cut that its own vibration directions 
stand at 45° to its long direction. The introduction of the 
wedge thin end first is like thickening the plate. The figure is 
brought to the 45° position. The wedge is pushed in so that 
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the vibration direction of the slower ray for it is parallel to the 
liae joining the optic axes in the figure. In positive crystals 
this is the vibration direction of the slower ray. With a positive 
mineral the circles and lemniscates will contract. If the mineral 
is negative, and the line joining the optic axes is the vibration 
direction of the faster ray, the effect is that of thinning the plate 
and the colored circles and lemniscates will expand for a certain 




time, and then contract. The exact point of this change of motion 
is marked by the darkened appearance of one of the lemniscates 
as it is moving away from the optic axes. The quartz wedge 
should be advanced very slowly, and much care is needed in 
making the test. Should the quartz wedge be without an arrow 
to mark the vibration direction of its slower ray it must first 
be tested with the mica plate (see page 29) and the arrow for 
the slower ray put upon it. Fig. 11, taken from Phillips' 
"Mineralogy," page 204, is to be studied in connection with 
the above discussion. 
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The plate under investigatioa may be cut at right angles to 
one optic axia. Such a section will not change as it is rotated 
between crossed nicola. Then a single hyperbolic bar appears 
in the field, bending as the stage is turned. It is important to 
realize that in all eases where one hyperbola only is seen the 
convex side of the hyperbola is turned toward the acute bisec- 
trix, i.e., toward that one of the three axes of the triaxial ellipsoid 
which lies in the acute angle between the optic axes. When a 
single bar in the field shows that the section is perpendicular 
to one optic axis it is an easy matter to tell the positive or nega- 
tive character of the crystal. The section is turned to the 
45" position and the mica plate inserted so that the slow ray 
parallels the plane of the optic axes in the plate to be tested. 
If the mineral is positive the hyperbola will move toward the 
acute bisectrix; if the mineral is negative the hyperbola will 
move away from the acute bisectrix. 

Dispersion of the Optic Axes. — The angle between the optic 
axes varies with the color of the light used. This is the phe- 
nomenon of dispersion of the optic axes. In favorable cases we 
may be able to recognize its character. When white light is 
used the color on the convex sides of the hyperbolEe, (the sides 
toward the acute bisectrix), tells us the character of the disper- 
sion. It is greater for red light than for blue, p>'J, when the 
hyperbolae are edged with red on the convex sides toward the 
acute bisectrix, and vice versa. 

Possible Determinations with Various Sections of Biaxial 
Minerals, — A section of a biaxial crystal which is cut perpen- 
dicuJar to one optig axis may be recognized by its behavior be- 
tween crossed nicols. If it happens to remain dark during a 
complete revolution of the stage it is exactly normal to an optic 
axis. If, however, it is not quite dark during a revolution of 
the stage, but remains almost dark, without change of illumi- 
nation, it is cut very nearly perpendicular to an optic axis. 
Such sections when tested for a figure with convergent light 
give a single hyperbolic bar. On the other hand those secti6ns 
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which happen to be cut squarely across the two optic axes, 
that is, at right angles to a bisectrix line between the optic axes, 
cannot be recognized aa such sections until they are found to 
give the symmetrical biaxial figure — two byperbolse. When 
Iwth hyperbolie are present and they do not pass beyond the 
limits of the field on turning the stage it is safe to say that the 
section is perpendicular to the acute bisectrix, not to the 
obtuse bisectrix. We have to do with the acute angle between 
the optic axes, 2V, given in the tables for the mineral under 
examination. We cannot, it will be remembered, measure this 
ai^le with the petrographical microscope. We can only judge 
roughly of its size, and if it be so large that the hyperbolse move 
out beyond the limits of the field we cannot even tell whether 
the section is perpendicular to the line bisecting the acute angle 
between the optic axes, or whether it is perpendicular to the 
line bisecting the obtuse angle between them. As a matter of fact 
our knowledge of the positions of the optic axes and of the three 
axes of the ellipsoidal wave surface X, Y, and Z, could only have 
been obtained from sections cut so that their crystallographic 
orientation was known. The minerals appearing in rock sections 
have necessarily been cut in a haphazard way. We avail our- 
selves then of complete records obtained from oriented sections 
and try in every way possible to judge by crystal outlines or 
good cleavage cracks how the section has been cut crystal- 
lographically. Then assuming that our judgment as to the 
orientation of the section, whether basal, or prismatic, or parallel 
to a definite pinacoid, is right, we test it, having in mind the 
phenomena which such a section of a given mineral should show. 
In working with a biaxial mineral by testing several of the random 
sections occurring in the rock we are usually able to get a figure 
sufficiently good to establish the biaxial character. We may 
find that some one section proves good enough, on trial, for the 
determination of the optical character, positive or negative. 
We may also be able to note the dispersion. 

It is most important to remember that in every section there 
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are two vibration directions which in the position of extinc- 
tion are in line with the cross-hairs. On a prismatic section 
(and such sections are often long and lath shaped) we can 
measure the angle between the direction of the c axis, known 
to us by the cleavage cracks parallel to it, and that one of the 
two vibration directions which runs more nearly parallel with 
the long direction of the crystal. We read the angle between the 
cleavage cracks and the extinction position. That gives us 
a value less than the true extinction angle (which can only 
be measured on the (010) section). Measuring the extinc- 
tion angle is then nothing but measuring the angle between 
the crystallographic axis c and that one of the three direc- 
tions X, Y, or Z, which is nearest to it. In monoclinic crystals ' 
it is the clinopinacoidal section which enables us to do this. 
In tricUnic crystals X, Y and Z have no regular orientation 
with reference to the crystallographic axis c. In ortho- 
rhombic crystals X, Y and Z are parallel to the crystallo-' 
graphic axes a, b and c; the extinction angle is always 0°, 
that is we have a parallel extinction. 

Sections of biaxial minerals will show the effects of bire- 
fringence with crossed nicols. For all biaxial minerals three 
indices of refraction are given, a for the direction X; /? for Y, 
and r for Z. We refer to such a figure as Fig. 14 for the posi- 
tions of X, Y and Z, in the crystal. That crystallographic sec- 
tion of the mineral which is cut perpendicular to Y will exhibit 
the maximum effect of birefringence, and it will give the highest 
crossed oicol color. On the chart this color will correspond to 
the value given in the tables for t-"- (See Plate I.) 
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CHAPTER IV 

THE IDENTIFICATION OF THE ESSENTIAL MINERALS OF 
IGNEOUS ROCKS 

The successful determination of the minerals in igneous rocks 
comes in the end to be lai^ly a matter of knowing which few are 
the most distinctive among a score or more of characteristics 
marking each mineral. Thus among forty minerals each of which 
has as many definite properties let us say as the letters of the 
alphabet, we find in practice that mineral number 1 is more surely 
recognized by an observation of the characteristics D, M and A' 
than by noting all the others. Minerals 5, 6 and 7 may agree 
in having the characteristics C, F, E and R, but at the same time 
5 may be the only one having the property G; 6 may be peculiar 
in showing the characteristic Q; and 7 may be unlike the others 
in exhibiting the quality K. The above illustration is introduced 
to indicate the method of treatment followed in the descriptions 
of the several minerals in this book. The beginner needs more 
than anything else to be told what are the really valuable diag- 
nostic properties of each mineral. The discussions which follow 
aim to do this. They do not treat of the properties which ex- 
perience has shown to be of lesser importance. The table of 
minerals shown on page 229 emphasizes in bold type these same 
most useful characteristics, and it also records in plain type the 
other properties which are not to be neglected although in the 
beginning they should not weigh as heavily. Their value be- 
comes increasingly important when the number of minerals dealt 
with is increased beyond the limits contemplated in this book — 
an account of the minerals of igneous rocks. 

The essential minerals in the igneous rocks, those which are 
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necessarily considered in the classiftcation of the commoner and 
rarer rocks, are arrai^ed in Groups I and II below. 



IMPORTANT MINERALS IN IGNEOUS ROCKS 





Group I 




Colorless under the 


microscope in ordinary light. 




Orthoclase 






Soda-orthoclase 




Alkali 


Mierocline 




Feldspars 


Soda-mierocline 

Microperthite 

Albite 




Cild-alkaUc 


Oligoclflse 




Feldspars 


Andesine 


Plagioclase 
Feldspars 


Soda-calcic 
Feldspars 


III 1 




Feldspathoids 


j Nephelite 
Leucite 





Group II 



Colored under the microscope in ordinary light, with the excep- 
tion of Muscovite and Diopside which are colorless. 



/ Muscovite 
\ Biotite 
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Amphiboles 



Hombleade 
Basaltic Hornblende 
Barkevikite 
Arfvedsonite 
Riebeckite 

Hypersthene 

Diopside 

Augite 

Aegirite-augite 

Aegirite 

Acmite 



The separation of the colorle^ minerals in ordinary light under 
the microscope from those which are colored is made almost un- 
consciously, but it is an important first step in their determin- 
ation. It should be noted that although a mica, an amphibole, and 
a pyroxene near each other in the same slide may have nearly the 
same color, green, or brown, or yellowish, as the case may be, 
still a peculiar tint of the color will be found to characterize each 
one. The ability to recognize these color tones which are of di- 
agnostic value is gained only by continued use of the microscope. 

In the description of the minerals in Group I it is well to begin 
with the feldspars since the determination of the character of the 
feldspar in a rock is of critical importance, and feldspar is often 
the most abundant mineral present in an igneous rock. 



Weathering of the Feldspars 

All feldspars are apt to show peculiar signa of weathering or 
decay which do not appear on quartz, a very stable mineral chem- 
ically, nor on olivine, nor in the same degree on leucite. Nephe- 
lite, however, may exhibit marks of weathering similar to those 
on feldspar. In many instances crystals of the several feldspars 
are perfectly clear and glassy.. The appearance of weathering 
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should not be overlooked when it is present. Orthoclase when 
it decays may be changed to fine scaly aggregates of the mica 
sericlte, or to kaolin and quartz. These products of decay cloud 
over the surface of the weathered mineral. A similar change 
may affect all the other feldspars. This "graying over" of their 
surface may have proceeded so far as to interfere greatly with the 
passage of light through them. The phenomenon is well seen in 
all its stages under the microscope. 

Twinning of Feldspars. — Examination with crossed nicol 
light may at once suffice for making the distinctions among 
orthoclase, mlcrocline, and plagioclase feldspar because it brings 
out the characteristic twinning effects. These will not appear, 
however, unless the crystals happen to be cut so as to show twin- 
ning. Again crystals of untwinned feldspars of all kinds are met. 
What we must do, then, is to look the slide over for twinned 
crystals which happen to be cut so as to give us the evidence 
we need. In favorable cases orthoclase shows simple twinning 
on the Carlsbad law; microcline has a peculiar twinned appear- 
I ance all its own, quite unlike that of orthoclase or of the plagi- 
oclases; and the plagioclases are characterized by multiple 
twinning on the albite law. 

Microcline. — Of the feldspars microcline is perhaps the easiest 
to recognize. If a crystal of microcline happens to be cut in any 
direction perpendicular to (010), the appearance of the mineral 
between crossed nicols is like that shown in Fig, 12. The twin- 
ning is in two sets of fine lamellse, one set on the albite law, the 
other set at right angles to the first on the pericline law. The 
cross-bars of the "grating" thin away or wedge out. As the 
stage is turned completely round the mineral becomes light 
and dark four times, and the minute bars alternately wax 
aad wane in intensity. If the section be very thin the gen- 
eral interference color is blue-gray. If the section be rather 
thick yellows and reds appear with crossed nicols. The de- 
scriptive term "Rob Roy plaid" has been applied to microcline 
under such circumstances. Sections of microcline which are 
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Dot cut perpendicular to (010) show eiioiliar twinning effects but 
the two sets of lamellfe do not intersect at right angles. They 
may meet at so sharp an angle as to be sub-parallel, and there is 
then a slight chance of confusing them with the clear-cut twinning 
lamellse of plagioclase feldspar. The twinning lamellse of miero- 
cHne may still, however, be safely recognized by their tendency 
to wax and wane as the stage is turned. Sections of micro- 
cline which do not show twinning maybe determined by their 
extinction angle. {See page 60.) 



L Hibite twinning sppean in the lower richt-band corner. 

Soda-microcline. — When microeline contains such amounts of 
soda as to be molecularly in excess of the potash it is called soda- 
microcline, or anorthoclaae. Soda-microcline is recognized by 
the fact that its twinning pattern is developed with excessively 
minute lamellae. The lamellae may even be sub-microscopic and 
only recognizable in very thin slides. Sections which happen to 
be cut at right angles to (001) and at the same time to (010), in 
other words perpendicular to the crystal axis a are peculiarly 
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valuable. "In these sections highly twinned areas pass into 
others free from twinning without any visible boundary between 
them."' 

Ortiioclase. — Orthoclase is most easily recognized in crossed 
nicol light by its twinned appearance in accordance with the 
Carlsbad law. The twinning axis is c and the composition face 
is (010). All sections perpendicular to (010) or nearly so, in 
other words all sections parallel or nearly parallel to the crystal 
axis b, show the twinning in two parts which take the light 
differently as the stage is turned between crossed nicols. One 
part may be gray-blue while the other is yellowish, or vice versa. 
The difference between the two is most strikin^y shown when the 




line between them is at 45° to the cross-hairs. Some orthoclase 
individuals are not twinned, or it may happen that the section 
is so cut as to pass throi^h only one of the two parts of the twin. 
When we cannot see twinning we can prove that the mineral in 
question is a feldspar by its figure in convergent light, but it 
may be difficult to determine what particular feldspar we have. 
Dependence must be placed on the extinction angle. (See 
page 60.) 

Flagioclase. — The series of the plagioclase feldspars, which are 
isomorphous mixtures of the albite, ab, (NajO.AUOa.SSiOa) and 

' Luquer, " Minenda in Rock Sectiaoa." pi«e TS. 
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anorthite, an, (CaO.AljO».2SiOi) molecules, may conveniently be 
aub-divided as follows: 



Albite, 

Oligoclase, 

AndeBiae, 

Labradorite, 

Bytownite, 

Anorthite, 



AbiAno to Ab(Aui 
AbgAni to AbtAni 
AbfAni to AbiAni 
AbiAni to AbiAnj 
AbiAng to AbiAn« 
AbiAng to AboAni. 



The twinning of the plagioclase feldspars is highly character- 
istic for in their case multiple twins on the albite law are common. 
The twinning plane is (010) and this is also the composition plane. 



All sections perpendicular or nearly perpendicular to this plane wnll 
show a number of twinning lamella side by side, Fig. 19. It is 
to be noted that such sections are commonly met, but that some 
exhibit the twinning bands more sharply outlined than ^hers. 
This may be caused by the direction the section happened to take 
across the lamellse. If the mineral is cut squarely across them Tve 
can rfecognize this fact by noting that sharp clear lines separate the 
lamellae. It is important to know this, as will appear later. If, 
as in Fig. 15, the lamella; have been cut at an angle, then normally 
incident light coming to the section from below the stage of the 
microscope passes across two or more bands on its way through : 
the mineral. In such cases the lamellse do not appear sharply ; 
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defined against each other. There is a wavy extinction with poorly 
defined dark boundary lines between them. Still the twinning 
is so characteristic that one knows one is dealing with a plagio- 
clase feldspar. In rare cases one might mistake a crystal of 
plflgioclase which showed the twinning effect poorly in this kind 
for a crystal of microcline with its albite lamellffi all running in a 
single direction and sub-parallel. The albite bands in plagio- 
clase are, however, in all cases much more sharply defined than 
are the lamellie of microcline. As we examine slides under the 
[uicroscope we are almost sure to find in them some individual 
erystals which will give us the evidence we need: the "gridiron" 
twinning will appear on microcline; orthoclase will be twinned 
in two parts on the Carlsbad law; and a plagioclase will show 
multiple twinning on the albite law. (See Figs. 12 and 46.) 

The twiniung lamellfe may, as stated above, he sharply defined, 
or bounded by indefinite blackish Unes. In some instances the 
lamellffi are narrow; again they may be broad. Some may run 
sharply all the way across the crystal ; others may wedge out or be 
discontinuous. The principal bands on the albite law may be 
crossed by other lamellse on the pericline law. In the pericline 
law the twinning axis is the crystal axis b. The twinning 
plane, necessarily at right angles to the twinning axis, is therefore 
not the crystal plane (010). It is, however, nearly parallel to 
(010). The composition plane is roughly parallel to the base, 
(OOl). In andesine it is parallel to (001). In the basic plagio- 
elases it is inclined (downward and forward), more steeply than 
the base: in albite and oligoclase it is inclined, (upward and 
forward), so that it is more nearlj- horizontal than the base, 
Fig. 16. The pericline lamellBe taken together with the albite 
lamellEE of plagioclase may simulate the appearance of microcline, 
but in the case of plagioclase the twinnii^ is clear cut and 
sharply defined as compared with the wavy extinctions in the 
Cfoas-bar pattern of microcline. 

A plagioclase crystal may be so cut as not to show the twin- 
aii^. It is as though the leaves of a book represented albite 
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lamellee. A section parallel to the leaves and involving only a 
single leaf would not show the twinning. In such a case, or in 
the case of untwinned plagioclase, we cannot tell, or we may make 
out only by refined work from the extinction angle (see page 58) 
that the crystal is plagioclase and not orthoclase. We are able 
to prove readily, however, by an interference figure in convergent 
light that we are dealing with some feldspar and not with a 
crystal of quartz, leucite or nephelite. 




Symmetrical Extinction Angles in Plagioclase. — It is not 

enough, however, that the student should be able to recognize 
plagioclase feldspar as such, for it is of prime importance in the 
classification of a rock that the particular kind of plagioclase 
be made out. Albite appears in one group of rocks, those which 
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contain alkali feldspar. Other rocks are characterized by the 
presence of aodesine or the more calcic lime-soda plagioclases. 
The recognition of a particular variety of plagioclase is 
usually somewhat difficult. Only a fortunately cut section 
here and there is apt to give us the needed evidence. We 
must be able to recognize such sections and make the most of 
them. Very favorable individuals of plagioclase are those which 
are cut at right angles to (010) and so perpendicular to the 
lamella, and, at the same time are doubly twinned, that is 



twinned on the Carlsbad law and on the albite law as well. 
Crystals cut squarely across the lamellfe are known by the fact 
that the boundary lines between the lamellfe are excessively 
sharp and finely drawn. The doubly twinned condition is recog- 
nized with crossed nicols on turning the stage of the microscope 
more than 90°. When the crystal lies in such a position that 
the lines between the albite lamellae are parallel to a cross-hair 
of the microscope (Fig. 17) the Carlsbad twinning in two parts 
is not apparent. The albite twinning shows clearly in this 
position, but the two parts of the Carlsbad twin are almost or 
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quite alike in appearance. As the stage is turned away from 
this position the Carlsbad twinnii^ begins to appear, and in 
the 45° position, half way between the cross-hairs, (Fig. 18), it 
is seen most clearly since the two parts of the twin take the 
crossed nicol light with a maximum difference. One part may 
be gray-blue and the other yellowish. In this position (45° 
from the cross-hairs) the albite lamella all look alike; they take 
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the crossed nicol light so that scarcely any differences appear 
among them. The determination of the particular crystal of 
plagioclase which presents this favorable case rests upon the 
different values of the extinction angles of the albite lamellae 
in the two parts of the Carlsbad twin. In the right hand part 
of the Carlsbad twin all the even-numbered lamellEB, 2, 4, 6, etc., 
will become dark for instance at 5° away from the sharp lines 
between the lamellae, as in Fig. 19. On turning the crystal on 
the other side 5° away from the starting point (the position in 
which the lines between the lamellEe are parallel to the cross- 
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hair) all the odd-numbered albite lamellie, 1, 3, 5, etc., become 
dark, Fig. 20. In this right hand part of the Carlsbad twin 
the albite lamellce, (in two sets conveniently called odd and 
even), show symmetrical extinctions of 5°, The same procedure 
in the left-hand part of the Carlsbad twin would result in a 
different value for the symmetrical extinctions of the albite 
lamellfe, as, for instance, 30°, Figs. 21 and 22. These two values 



.5t^-^^M 






for the extinction angles, 5° and 30°, are characteristic of a 
■particular kind of plagioclase, labradorite, AbjAni, and they 
indicate as well a particular section of the mineral at right 
angles to (010). Tables have been constructed giving the 
symmetrical extinctions of the two sets of albite lamellEe in the 
two parts of Carlsbad twins for every possible section cut at right 
angles to (010), in other words for all sections in the zone normal 
to (010). In Figs, 23 and 24 the heavy line gives the symmet- 
rical extinctions of albite lamellae in one part of the Carlsbad 
twin, and the dotted line gives the symmetrical extinctions of 
albite lamellie in the other part of the Carlsbad twin. By taking 
the two values obtained in the manner indicated above, 5° and 
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30° and finding two points (one vertically above the other), on 
the lines for the plagioclase feldspars in the diagram we determine 
the feldspar in question. In this instance it is labradorite. Aba 
An,. 

An inspection of the diagrams makes it clear that for albite 
and oligoclase the two curves depart very little from each other. 
The symmetrical extinctions in the two parts of the Carlsbad 
twins are numerically as near together as 5° in these feldspars. 
In the more calcic plagioclases they are much farther apart. In 
labradorite they may often be over 20° apart, and in anorthite 
they are even more widely separated. 

Determination of the Plagioclases and Other Feldspars by 
tiie Extinction Angles on Sections Whose Definite Orientation 
May Be Recognized. — The methods described below are precise 
and of the highest value, but the sections needed for making the 
determinations are of rare occurrence in slides and much care is 
needed in recognizing them. The useful sections are: 1, those 
which are parallel to (010); 2, those which are perpendicular 
to (010) and to (001) at the same time. 

1. Sections parallel to (010) are known by the following tests. 

(a) The basal cleavage cracks in such sections stand vertically 
and therefore remain in place without shifting when the focus 
is raised and lowered, (b) The section will not show twinning 
on the Carlsbad law nor on the albite law, but pericline lamellee 
may appear. These are parallel to the basal cleavage cracks 
only in the case of andesine. (Cf. page 51, and Fig. 16.) Peri- 
cline lamellse are much rarer than albite lamellse. (c) The 
figure in convergent light for the section oriented as in Fig. 16 
shows no hyperbolic bar in the case of either albite or oligoclase. 
In labradorite, bytownite and anorthite, one hyperbola alone 
appears, in the S.W. quadrant of the field. In labradorite the 
hyperbola runs N.W. and S.E.; in anorthite the hyperbola runs 
nearly E. and W.. and the point of emergence of an optic axis is 
visible. In bytownite the position of the hyperbola is inter- 
mediate between its positions in labradorite and anorthite. For 
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orthoclaae, soda-oFthoclase and microcline the biaxial figure for 
all positions of the stage is nearly symmetrical to the field. In 
other words the bisectrix between the optic axes is nearly normal 
to the plane of the section. 

The procedure in measuring the extinction angle on these 
definitely oriented sections parallel to (010) is as follows. The 
feldspar is set up with the basal cleavage cracks parallel to the 
N.S. cross-hair. The trace of the crystal axis c it is to be noted 




makes an^es of 64" and 116° (nearly) with the basal cleavage 
cracks, Fig. 25. The trace of the c axis may as in Fig. 25 go down 
from left to right, or as in Fig. 26 it may go up from left to right 
as the case may be, and both positions may be reached by first 
using the shde in the usual way with its cover-glasa above and 
then reversii^ it so that the side holding the cover-glass ia down. 
We turn from the cleavage cracks to the position of extinction. 
If in so doing we bring the trace of the c axis at first more nearly 
parallel to the E,W. cross-hair for either position of the crystal, 
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Fig8. 25 aiid26, we count the extinction angiB+. We have turned 
to a vibration direction which lies in the obtuse angle between the 
cleavage cracks and the trace of c. If on the other hand we turn 
to the Extinction position in such a way that the trace of the c 
axis at first tends to become more nearly perpendicular to the E. 
W. cross-hair we count the angle — . We have turned to a -vibra- 
tion direction which hes in the acute angle between the cleavage 




cracks and the trace of c. The statement may be put in another 
way very briefly. Those vibration directions which lie in the 
obtuse angle between the basal cleavage cracks and the c axis 
(116°) are positive, and those in the acute angle (64°) are nega- 
tive. The values for the extinction angles in the lime-soda feld- 
spars obtained in this manner are given in the diagram Fig. 27. 
The extinction on orthoclaae and microcline is -|-5° or -|-6°. For 
soda-orthoclase it is higher, between -|-6° and -|-10°, 

Potassium Barium Feldspars. — Such readings of the extinc- 
tion angle on (010) may serve to indicate the presence of the rare 
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potassium-barium feldspars of the HyalophsDe-Celsian series. 
The molecule of the pure barium feldspar celsian, BaO.AUOa. 
2SiOi, (abbreviated, Ce.), is intergrown with the orthoclase 
molecule, Or, in the hyalophane series. The extinction angles on 
(010), measured from the basal cleavage cracks to the vibration 
direction X in these feldspars are as follows. X lies in the 
obtuse angle between c and a only in barium-orthoclase. 

Barium-orthoclase 




Hyalophane 

Celsian 

Hyalophane and celsian since they are not twinned on the al- | 
bite law, and since they do not show the microcline twinning 
structure, may only be confused with orthoclase or anorthoclase. | 
In addition to their higher extinction angles on (010) they dif- \ 
fer from orthoclase and anorthoclase in the higher range of their 
indices of refraction. (See Fig. 28.) I 

' The success of this method depends entirely upon the sure 
recognition of the crystal outlines so that the direction of the 
crystal axis c can be made out and the sign of the angle read cor- 
rectly. It is to be borne in mind that while most feldspar crystals 
are longest on the c axis, many on the other hand are drawn out 
on the o axis. The chance of recognizing the sections parallel 
to (010) is better than the chance of finding sections parallel to 
the base on which the outlines are so good that the edges of the 
prism planes can be used to note the sign + or — of an extinc- 
tion angle read from the cleavage cracks which in basal sections 
lie parallel to (010). We can take a megascopic crystal of feld- 
spar and cut a section from it parallel to the base so that we know- 
its orientation. Then the sign of the extinction angle read on the 
base from the (010) cleavage cracks to the extinction position is 
characteristic for the several kinds of feldspar. (See Fig. 29.) 
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But in rock slides where the feldspars are all cut at random it is 
a matter of extreme difficulty to find a basal section and work 
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a (001) in plsgjoclsss feldspars. 



with it successfully. {See Weinschenk, " Petrographie Methods,' ' 
page 337.) 

A particular case of great value in measuring the extinction 
angle on {010} arises from the fact that the composition face for 
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the two parts of Carlsbad twins in the lime-soda feldspars may 
not be in all places parallel to (010). A section may be parallel 
to (OlO) and it may still have represented in it the two parts of 
the Carlsbad twin. The appearance of such sections is shown in 
Fig. 30. The basal cleavage cracks in the two parts of the 
twin are opposed to each other and they meet at an angle of about 
128°. In this case the direction of the c axis is the direction of the 




line between the two parts of the Carlsbad twin. If as in Fig. 30 
we measure the extinction angle in the lower part of the twin and 
turn to a vibration direction to get darkness in such a way 
that c at first comes to be more nearly parallel to the E.W. 
cross-hair the extinction is +. We have turned to a vibration 
direction which lies in the obtuse angle between the -basal cleav- 
age cracks and the direction of the c axis. The sign of the angle 
is minus when the vibration direction to which we must turn 
lies in the acute angle between the basal cleavage cracks and the 
direction of the c axis. 
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2. Sections which happen to be" cut perpendicular to the t'wo 
planes (001) and (010) at the same time (normal to the crystal axis ' 
a) , are recognized by the fact that the boundary Hnes between the 
lamellse stand vertically and do not shift when the focus is moved 
up and down. The cleavage cracks parallel to the base (OOl) 
also stand vertically in the section and meet the same test: 
they do not shift as the focus is changed. Furthermore such 
sections of the feldspars are nearly rectangular, or square, but 
, not quite so, for as in Fig. 
31 the angles a and a' are 
acute, about 86°, while the 
angles o and o' are obtuse, 
about 94". This circum- 
stance must be carefully 
noted. The angle is meas- 
ured from the direction 
of the boundary lines be- 
tween the albite lamellae 
to a , vibration direction 
which in one ease (-\-) is 
more nearly parallel to the 
diagonal line joining the 
acute comers of the section 
and in the other case ( — ) is more nearly parallel to the diagonal 
joining the obtuse angles. The success of the method depends 
upon our being able to observe the acute and obtuse angles in oppo- 
site corners of the section. It is to be noted particularly that the 
two sets of albite lamellae, odd and even, Fig. 31, will give ex- 
tinctions of the same angle on either side of the lines between the 
lamellae, since the sections in question are cut at right angles to 
(010). It is necessary, therefore, to work with a single lamella, 
as, for instance, number 1 of the odd set in Fig. 31 which enables 
us to note the obtuse and acute angles at the corners and so to 
read the sign correctly. The orientation of the lamellje 2, 4, 6, 
etc., is by the twinning reversed on the lamellse 1, 3, 5, etc. ; 
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The values of the extinction aisles for the different plagio- 
claae feldspars are given in Fig. 32. An inspection of the diagram 
ahows that many of the values are still characteristic for the 
particular sections in question even when no attention is paid to 
the sign of the angle. Values between 5° and 15° may mean 
either albite or andesine. Other extinctions are definitely bound 
up with a single feldspar as appears below. 
0° to 5° Oligoclase 

15° to 28° Andesine 

28° to 40° Labradorite 

40° to 41i° Bytownite 

41i° to 43° Anorthite 

Microperthite 

Two kinds of feldspar are often grown together with approxi- 
mately parallel orientation, as, for instance, albite with ortho- 
clase or microcline. Microperthite is the name applied to such 
feldspar intergrowths. Occasionally the thin bands of albite are 
crossed by albite twinning lamellfe. More often twinning is not 
observable and then the Becke teat (see page 19) is useful for 
noting slight differences of refraction between the two minerals. 

Optical Figures in Convergent Light 

Should a supposed crystal of glassy feldspar show no twinning 
effects, either as being untwinned, or if twinned as having been 
cut so as not to reveal its twinning, there is some danger of 
mistaking it for quartz or nephelite. The section should be 
tested for an interference figure. (Cf. pages 31 and 38.) The 
appearance of two hyperbolffi coming and going in the field, or of 
a single hyperbolic bar, removes any doubt that the mineral may 
be quartz or nephelite. On the other hand the uniaxial cross 
with one ring may serve to establish the occurrence of quartz, 
and a very poor ill-defined uniaxial figure may mean nephelite. 
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Leucite will not yield a figure. Olivine has brilliant interference 
colors and these are never observed in the case of the feldapars. 
The beginner can gain control over the methods described 
above only by considerable practice, but he should work toward 
tbat end, for when he can determine the several feldspars he has 
gone a long way in learning to recognize the minerals most im- 
portant in rocks with a view to their classification. 

Quartz 

Quartz, SiOi, is unlike the feldspars in several respects. In 
the first place it is chemically stable, and as a result of this its 
surface does not show effects of alteration. It may be dusted 
over, or filled with minute inclusions, but the eye soon learns to 
note the distinction between these conditions and the character- 
istic appearance of weathered feldspar. Among the important 
rock-making minerals quartz is the glassy mineral par excellence. 
In the second place quartz, unlike the feldspars, never shows 
twinning between crossed nicols. Furthermore quartz is never 
marked by good straight cleavage cracks. It breaks with a 
conchoidal fracture. We cannot find anything about it for use as a 
datum line to start from in noting its extinction. This is because 
there are no good cleavage cracks parallel or perpendicular to the 
c axis, and the outlines of the mineral are almost invariably 
anhedral, that is rounded or ragged and not the trace of crystal 
planes. The feldspars on the other hand are very often eu- 
hedral, bounded by good crystal outlines. In thin sections the 
interference colors of quartz are blue-gray. In thicker sectidns 
yellows appear, and very thick sections show the bright reds of 
the first order. Several pieces of quartz side by side in a section, 
as being cut differently crystallographicaliy, may exhibit a con- 
siderable range of colors within the limits possible for the mineral. 
Cf. Plate I on which the line .009 gives the colors for quartz 
between crossed nicols. Quartz is often marked by a wavy ex- 
tinction, that is, between crossed nicols an individual of the min- 

I,: ,T,J-,GOO»^IC 



70 INTRODUCTION TO THE STUDY OF IGNEOUS ROCKS 

eral does not become dark all at once in the position of ex- 
tinction, but as the stage is turned a dark wave sweeps across it. 
The assemblage of characteristics outhned above is in the 
nature of negative evidence. The eye recognizes quartz most 
easily by noting the absence of many of the "ear-marks" of other 
minerals. In determining quartz we depend finally upon its 
figure with convergent light. To obtain the uniaxial figure of 
the mineral we make use of the sections which remain very nearly 
or quite dark during a complete revolution of the stage. By this 
behavior we renognizc the basal section. When the slide is not 
extremely thin the figure of quartz with convergent light is a 
clear cut uniaxial cross accompanied by a single ring well out 
from the center of the field. This ring has red on its outer edge 
and blue on its inner edge. Sections approximately parallel 
to the base which do not remain dark between crossed nicols, 
but show only small changes in the interference tint give service- 
able figures. The center of the cross may be outside the field 
but the quadrant which appears with part of a bar and part of 
a colored ring is of great determinative value. When a figure 
of quartz has been obtained it is the work of but a few moments 
with the mica plate to determine the optical character after the 
manner indicated on page 32. Quartz is positive. 

Nephelite 

It is often a diSicult matter to recognize nephelite under the 
microscope. It resembles feldspar and although it is uniaxial 
while feldspar is biaxial it is by no means easy to obtain a ^ure 
n convergent light which is at all satisfactory unless the slide 
extremely thick. Nephelite occurs in nephelite-ayenite, and 
this and allied nephelite-bearing phanerocrystalline rocks, 
since the mineral is anhedral, its presence can best be established 
by microchemical tests, as will be pointed out later. When, 
however, nephelite is found in the phonolites it is often easy to 
recognize it. 
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In phonolite and other nephelite-bearing lavas although the 
mineral may be anhedral or subhedral still it is often euhedral, 
i.e., bounded by good crystal outlines. When nephelite is 
euhedral its forms are very characteristic. The mineral is hex- 
agonal and its usual crystal habit is that of a simple hexagonal 
prism short on the c axis. Almost all the cuts through these stubby 
prisms are apt to yield square or rectangular sections. (See Fig. 
47.) Such individual crystals of nephelite are as a rule very small, 
not more than a few hundredths of a millimeter across. They 
are never twinned. Crystals of untwinned feldspar are occasion- 
ally found which resemble them closely. Since nephelite is 
uniaxial it yields parallel extinctions. We use the sides of the 
little squares or rectangles in noting the extinction. When 
the sides of the crystal sections are parallel to the cross-hairs 
between crossed nicols the mineral is dark. This condition may 
he met now and again by little square or rectangular crystals of 
untwinned feldspar which happen to be so cut as to give parallel 
extinctions. More often, however, such small feldspars will not 
>ield parallel extinctions. The safe procedure, then, is to 
examine a fairly large number of the little squares between 
crossed nicols. If they all yield parallel extinctions they are 
almost surely nephelite. Crystals of the mineral which are cut 
parallel to the base are six-sided. Such sections are not common 
and when they occur in phonolite they are apt to be too small 
to yield a satisfactory uniaxial cross. NepheUte will not be 
found in a rock containing quartz. If leucite be observed in 
the rock the presence of nephelite may be suspected. The 
interference colors of nephelite are bluish-gray, very like the 
colors of certain sections of the feldspars. In very thin sections 
no figure can be obtained from nephelite owing to its low double 
refraction (.005). Even with very thick sections the uniaxial 
cross is poor, not sharply marked but blurred, and no ring ap- 
pears out from the center of the cross. Basal sections which 
remain dark at all times between crossed nicols are needed for 
this figure. Nephelite is optically negative. Since we cannot 
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expect to get a good uniaxial figure we determiae the negative 
character of the mineral by the use of the mica or gypsum plate 
after the manner described on page 30, by finding that it is 
the faster ray which ia parallel to the trace of the optic axis. 
We are not able to do this unless from the crystal outlines of a 
given individual we can be sure of the direction of the c axis. 

In a granitoid phanerocrystaUine rock the pieces of nephelite 
will have ragged outlines (appearing anhedral) and we cannot 
tell the direction of the c axis. The easiest way out of the 
difficulty is to make a microchemical test. Nephelite gelatinizes 
with HCl whereas such minerals as quartz and the feldspars are 
not affected by HCl. The slide is prepared by making a scratch 
with a diamond across the cover-glass. After heating to melt 
the Canada balsam, when a portion of the cover has been removed 
and a part of the thin slice of rock laid bare, it is necessary to 
wash away all the Canada balsam with alcohol and benzole. 
Dilute HCl is then applied and the section is warmed very gently. 
After the nephelite has been slightly attacked by the acid all 
traces of the HCl should be washed away. A few droi« of water 
in which is a very dilute solution of fuchsine may then be applied 
to stain the surface of the gelatinized nephelite. Finally the 
section is washed, and the individuals of nephelite stand out in 
red among the other minerals. 

Leucite 

Leucite is recognized by its crystal outline, by its behavior 
between crossed nicols, and by the absence of such twinning as 
marks the feldspars. Leucite crystallizes in the form (211), 
the i CO ai tetrahedron, so that all possible sections across it yield 
rounded outlines which are euhedral, or in the great majority 
of cases subhedral. In some leucites inclusions are absent, 
Fig. 49, but in others they appear strikingly as black dots zonally 
arranged (Fig, 48), Leucite as being isometric is isotropic: sec- 
tions are continuously dark between crossed nicols. Leucite will 
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not yield a figure in convergent light. This assemblage of 
characteristics makes it an easy matter to recognUe the mineral. 
There is some slight chance, however, that the beginner may 
mistake microcline for leucite. Leucite crystallizes from molten 
magmas in the isometric system at 500° C. As the rock cools 
down to ordinary temperatures molecular strains are set up in 
leucite crystals, and, in consequence, anomalous effects of poly- 
synthetic twinning appear between crossed nicols. The smaller 
individuals of the mineral are altogether dark. The polysyn- 
thetie twinning is prominent only in the larger crystals. The 
superficial resemblance to microcline may at times be misleading, 
but the double refraction in leucite is much lower than in micro- 
cline, and leucite never becomes light and dark between crossed 
nicols as the stage is turned, in the clear cut manner characteristic 
of microcline. 

Olivine 

Olivine is known by the characteristic outline of its crystals 
when they are well developed; by its parallel extinction; by its 
brilliant interference colors between crossed nicols; and by reason 
of the fact that it is unstable chemically and on alteration gives 
rise to serpentine. 

Olivine is orthorhombic and it happens that by far the greater 
number of sections of well-developed crystals of the mineral ex- 
hibit some tendency to show an outline which at its best appears 
like that in Mg. 33, a rectangle with pointed ends. Occasionally 
only one end of this figure is well developed. We make use of 
it in noting the parallel extinction. When the longer sides of 
the mineral (nearly or quite parallel to the line from pointed end 
to pointed end) are set on a cross-hair the mineral is dark between 
crossed nicols. We have no other way of placing olivine in 
line with a cross-hair to note its extinction, for the cleavage cracks 
are poorly developed in it and we cannot be sure that even the 
more regular cracks which we observe in sections of this mineral 
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are parallel to the significant directions, the directions of the 
crystal axes. Olivine is often eubedral when it occurs in rocks 
which have a groundmass, but in the granitoid rocks it is anhe- 
dral; its outlines are altogether irregular. When this is the case 
the determination is much harder for the beginner, and special 
care is needed, as noted below. 
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On turning the stage of the microscope olivine crystals often 
exhibit brilliant interference colors. These are charted for slides 
of various thicknesses along the line .036 on Plate I. It is to 
be noted that not every section may happen to be cut rightly 
to show these brilliant interference colors, for the ^particular 
effects of birefringence are directly related to the erystallo- 
graphic orientation of the section. Again, if the slide is thick, 
interference colors of such a high order occur that they are 
not brilliant. Usually a number of crystals of olivine appear in 
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the field and by examining several of them one or more will be 
found which show the characteristic brilliant interference colors. 

When olivine decays serpentine results. The alteration is 
best seen along the cleavage cracks in the midst of unweathered 
glassy portions of the mineral. At times the whole substance 
of the olivine may be changed to serpentine although the outline 
of the mass tells plainly the nature of the unaltered mineral. 

When in the granitoid rocks we are unable to note the extinc- 
tion of olivine, as having no crystal outline by which to set the 
crystal up, we are aided in recognizing the mineral by its brilliant 
interference colors, and by its marked relief, a consequence of 
the high value of the index of refraction. Olivine stands out 
prominently in the section. Its surface has a characteristic 
rough or shagreened appearance which is more noticeable when 
part of the light is cut off by diaphragming. 

A test of great value is the biaxial figure with convergent light. 
The angle between the optic axes, 2F, is not far from 90° in 
olivine. Consequently we are apt to see only one hyperbolic 
bar in the field, and this bar may remain straight or nearly straight, 
bending scarcely at all. This is an indication at once of the 
fact (see page 38) that we happen to have a section cut at right 
angles to an optic axis, and that the angle 2V is close to 90°. 

GROUP n 

COLORED MINERALS 

A first step in the recognition of the remaining common rock 
minerals, mica, amphibole and pyroxene, is in the observation 
that with the exception of muscovite and diopside they are col- 
ored in ordinary light. It is to be noted that the colors common 
to one, amphibole for instance, green, yellow and brown, may be 
found to mark certain individuals among the micas and pyrox- 
enes as well. Each mineral takes particular shades of green, 
yellow or brown, which to the practiced eye are characteristic, 
although they can only with great difficulty be adequately de- 
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scribed. Pleochroism, that is, a change of color as the mineral 
is turned on the stage in ordinary light, is common to a number of 
the minerals of Group II, and there is often strong absorption of 
the light, with consequent darkening in one position with refer- 
ence to the vibration direction of the lower nicol. 

MICA 

The micas occurring in igneous rocks constitute a group of 
minerals which, chemically, are complex silicates of Ai, K and H, 
with Mg and ferrous iron generally present. Under the micro- 
scope one of them, muscovite, is usually colorless. The others are 
brown or yellow or, rarely, green, as is the case with the common 
mica biotite. 

The most prominent of the physical characteristics of the 
micas is their extremely good cleavage parallel to the base (001). 
There is no limit to the fineness of the cleavage plates which may 
be obtained excepting the delicacy of the instrument used in cleav- 
ing the mineral. Certain effects of light in the case of the micas 
as seen under the microscope hinge upon this eminently good 
cleavage. By far the larger number of sections will happen to 
be cut across many cleavage plates and such sections are marked 
by prominent cleavage lines. Light from below the stage may 
get through between the cleavage plates more easily than it 
passes through the mineral itself. Furthermore the single plates 
as they lie side by side are somewhat crumpled in the grinding 
of the section so that their surface takes the light differently in 
different places. The surface of the mica is therefore almost 
sure to be speckled over with brighter spots. (See Plate II, 
Fig. 1.) As the stage is turned the effect shows best in certain 
positions, and disappears in others. At times it is seen to the 
best advantage with ordinary Hght: again it appears most 
strongly with the nicols crossed. For this peculiar appearance 
which mica does not share with the other colored minerals the 
term "curly maple" or "bird's-eye maple" has been used. The 
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resemblance to the wood curly maple is not altogether doge but 
the descriptive term is a good one. The eye soon learns to rec- 
ognize this peculiarity of the micas and after that it is easy 
under the microscope to distinguish them from other minerals. 

Should the section of mica not show cleavage cracks the effect 
noted above will scarcely appear. But the sections which do not 
show cleavage cracks ere parallel to the base and such basal sec- 
tions yield good figures with convergent light. Mica is mono- 
cilnic, but when basal sections are euhedral they appear to be 
hexagonal for they are six sided. The color of basal sections of 
biotite is often characteristic, a rich chestnut-brown. Various 
shades are seen according to the thickness of the section. Thick 
slides may scarcely permit the light to pass through the darker 
micas in basal sections. When the (001) section of biotite is 
tested with convergent light the figure consists of two sharply 
bent hyperbolae which as the stage is turned scarcely draw apart 
from each other. The figure is like the uniaxial cross. When 
thick cleavage pieces of biotite are examined one or more nearly cir- 
cular rings may appear in the field. In thin slides no rings ap- 
pear. It will be remembered {page 38) that we cannot measure 
the angle between the optic axes, 2V, with the petrographical 
microscope. But when the hyperbolee do not at any time during 
a revolution of the stage draw away from each other more than a 
slight amount we know that the angle 2V is very small. In biotite 
it is usually not greater than 1° or 2°; rarely,it is. as high as 40°. 
Muscovite on the other hand is characterized by a large value for 
2V, 40° to 44°. The figure of muscovite (described on page 39) 
in the thin sections examined under the microscope consists of 
two hyperbolae coming and going in the field as the stage is turned. 
No lemniscates appear for the reason that the section is too thin 
to show them. The hyperbolae in the muscovite figure go well 
apart from each other in accordance with the value for 2V, 40° 
to 44°. 

The "curly maple" look is seen on muscovite between crossed 
niools in sections not parallel to the base which carry cleavage 
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cracks. For the recognition of muscovite the interference colors 
in such cases are a very great help. These are a delicate mix- 
ture of saimon-pink with dainty greens and blues. 

In brief, then, we depend upon the "curly maple" look, upon 
the figures with convergent light, and upon the colors in ordiaary 
light and with crossed nicols for telling biotite and mus- 
covite. The colors of biotite in ordinary light, brown, yellow^, 
and green, are not peculiar to this mineral, but certain shades 
of them which the student will leam to recognize for himself are 
valuable means for telling it. Finally it is to be noted that the 
extinction in the micas is always parallel or very nearly parallel 
to the cleavage cracks. Biotite in ordinary ligfet as the stage is 
turned usually exhibits pleochroism with a change of color from 
brown to yellow. It also shows strong absorption of the light in 
certain positions, being strongest (darkest) when the cleavage 
■ cracks are parallel to the vibration direction of the lower nicol. 

Lepidomelane is biotite rich in iron. 

AMPHIBOU; AND PYROXEHE 

Amphibole and pyroxene are in many respects so nearly alike 
that it is well to direct attention at the outset to the points of 
difference between a representative amphibole, hornblende, and 
the commonest of the pyroxenes, augite. In cross-section 
hornblende is six sided; augite is eight sided. The pattern made 
by the cleavage cracks on basal sections of hornblende is diamond 
shaped; basal sections of augite show a rectangular cleavage 
pattern. (Compare Figs. 34 and 35.) Prismatic sections of horn- j 
blende yield extinction angles as high as 20°. On similar sections 
of augite extinction angles ranging up to 45° are measured. 
With crossed nicols hornblende as a rule does not show brilliant 
colors while augite is usually marked by brilliant interference 
colors. The detailed discussion of the above features in which 
hornblende and au^te are unlike each other is properly followed 
by an account of their similarities. Finally the important tests 
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by which the members of the amphibole and pyroxene groups 
are severally recognized are to be described. 
Crystal Habit of Hornblende and Augite. — In hornblende the 



angle between the prism faces (110) is 124° 11'. The six-sided 
sections of euhedral crystals are completed by the elinopinaeoidal 
faces "(010). The cleavage cracks are parallel to the prism faces. 
They meet at an acute angle of 
about 60° (Fig. 34.) Augite, like 
hornblende, is partly bounded by I 
the prism faces {110). These are ' 
truncated by the chnopinacoid 
(010) and by the orthopinacoid 
(100) as well. Eight-sided cross- 
sections are the result. The angle between the prism faces is 
92° 50' so that the cleavage cracks parallel to the prism meet 
almost at right angles (Fig. 35.) Observation of the cleavage 
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pattern on basal sections is the most satisfactory means of telling 
hornblende and augite apart. 

Extinction Angles of Hornblende and Augite. — When a basal 
section cannot be found we must depend upon the extinction 
angle, and prismatic sections are selected in order to measure it. 
These are usually long and narrow, and in them the well marked 
longitudinal cleavage cracks run parallel to the crystal axis c 
(Fig. 36). All such sections of hornblende or augite have in them 
two vibration directions at right angles to each other. It will 
be remembered that when the mineral plate between crossed 
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Fia, 36, — Loneitudiiw] Hotion of baa^tio hornblende with piominent cleavage ciacks 
paraJlel to the c aiu. 

nicols has been turned to the position of darkness the two vi- 
bration directions in it have been made parallel with the cross- ' 
hairs. (See page 25.) The measurement of the angle of extinction 
is the measurement of the angle between the crystal axis c and a 
vibration direction. The long cleavage cracks in prismatic sec- 
tions of hornblende are parallel with the crystal axis c so that 
when the cleavage cracks are made parallel with a cross-hair the ■ 
direction of the crystal axis c is necessarily parallel to the cross- 
hair. The sum of the two angles obtained on turning, with the 
nicois crossed, from the cleavage cracks first on one side to a vibra- 
tion direction (position of darkness) and then on the other side to 
the other vibration direction is 90°. In practice we take the 
smaller angle of the two for the extinction reading and if we find 
that we must pass the diagonal position (45°) on one side to 
come to a vibration direction we turn back and go from the 
cleavage cracks to the nearer vibration direction. For horn- 
blende the extinction angles measured in this way on various pris- 
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matie sections range from 0° to 19° 53'. For augite angles from 
0° to 45° are found. It is clear, therefore, that the measure- 
ment of extinction angles on a number of prismatic sections 
all of which lay below 20° would indicate hornblende and 
the record of any angle well over 20° would point to the 
occurrence of augite. In both minerals sections parallel to the 
orthopinacoid (100) yield parallel extinctions, and the maximum 
readings are given by sections parallel to theclinopinacoid{010). 
The (010) sections are the all important ones but the chance of 
their occurrence in random thin slices of rocks is slight and 
they are hard to recognize. The precise statement for the 
extinction angle of hornblende is 19° 53' between the crystal 
axis c and the vibration direction Z in the obtuse angle between 
the crystal axes c and a. (See Fig. 9.) For augite the angle 
between the crystal axis c and the vibration direction Z in the 
obtuse angle between the crystal axes c and a varies from 38° to 
52°. Z is the vibration direction of the slower ray. 
Isteiference Colors of Hornblende and Augite.^The numerical 
I range in the birefringence values for hornblende is much the same 
\ as for augite. The reason that in ordinary slides hornblende is 
not marked by brilliant crossed nico! colors while augite com- 
monly exhibits brilliant interference effects is that in hornblende 
the absorption of the light is much stronger than it is in augite. 
In rock slides between crossed nicols hornblende is usually dull; 
some sections of augite have been so cut as not to show brilliant 
colors, but many pieces will be found which do show them. 

Colors of Hornblende and Augite. — The colors of hornblende 
are green, brownish-green, and yellow. Pleochroism, from green 
to brownish-green, is strong.^ Augite is often green, brownish- 
green, and in certain positions yellowish, with much weaker 
pleochroism than hornblende exhibits. While augite shows 
many of the colors of hornblende other colors mark it particu- 
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larly, Augite haa a characteristic pale buff color in many basalts, 
and in diabase augite is often maroon colored or violet-red. 
These colors are of great diagnostic value and the student should 
quickly learn to recognize them. (See Plate II, Figs. 2 and 4, 
and pages 112 and 113.) 

Basaltic Hornblende. — Basaltic hornblende, barkevikite, arf- 
vedsonite and riebeekite, other important amphiboles, are not 
of frequent occurrence as compared with hornblende. , They 
are at times difficult to determine. In recognizing them we rely 
upon their colors, their marked pleochroism, and their extinction 
angles, measured on (010), For their determination an under- 
standing of the positions of the three axes of the wave surface 
of light X, Y and Z, is all important. X, Y and Z are at right 
angles to each other. X ia the vibration direction of the fastest 
ray; Y is the vibration direction of the intermediate ray; and Z 
is the vibration direction of the alowest ray. Their positions 
are the same in baaaltic hornblende and in barkevikite, but the 
optical orientation of arfvedsonite and riebeekite, as will be seen 
later, is different. In basaltic hornblende the position of Z, 
which hes with X in the plane of symmetry of the crystal, (010), 
varies by aa much aa 10°. Z may be the direction of the crystal 
axia c, or as much as 10" away from c in the obtuse angle between 
the crystal axes c and a. Y has the direction of the ciystal axis b, 
and X ia necessarily at right angles to Z and to Y. Bearing these 
points clearly in mind we select an approximately basal aection 
which we recognize easily by its six-sided outline and by its 
cleavage cracks. In it (Fig. 34) the two vibration directions are 
the directions X and Y at right angles to each other. By using 
the naica plate (see page 28) we may note that X is the direction 
of the faster ray and Y that of the slower ray. The vibration 
direction of the lower nicol is, let us say, as in Fig. 34, in the 
N.S. position. When the crystal is examined in ordinary light in 
. the setting of Fig. 34 we see its color for light vibrating parallel 
to Y and it is brownish-red. On turning the crystal until X is 
parallel with the vibration direction of the light from the nicol, 
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(90° from the original position), we find that the mineral has 
changed color and is honey-yellow, giving us the color of the 
light vibrating parallel to X. To get the color of the light 
vibrating parallel to Z we make use of a prismatic section 
(recognized by the fact that its cleavage cracks run one way 
only, with the long direction) (FHg. 36) which has a parallel 
extinction, and is therefore the orthopinacoid (100). The 
vibration direction of the light from the lower nicol is as before 
N.S. and the mineral is brownish-red for Y. We see this when Y, 
the vibration direction at right angles to the crystal axis c is made 
parallel with the vibration direction of the nicol. We turn the 
crystal 90° to observe the color when the light vibrates parallel 
to Z, i.e., when the direction of the crystal axis c is parallel to the 
vibration direction of the nicol. Then the mineral is blackish- 
brovra. We have now the complete scheme for the pleochro- 
ism: X, honey-yellow; F, brownish-red; and Z, blackish-brown. 
ffe are in a position to select another prismatic section (010) 
which has the vibration directions X and Z and the corresponding 
pleochroic colors honey-yellow and blackish-brown in order that 
we may measure the extinction angle. This section (010), will 
show the maximum effect of birefringence, and the highest 
crossed nicol colors of all sections of the mineral. (See page 36.) 
In such a prismatic section of basaltic hornblende Z may be from 
0° to 10° away from the trace of the crystal axis c. We set the 
crystal up in a given case so that the cracks are parallel to the 
cross-hair and turn 1° 40' with the nicols crossed to the extinction 
position, that of the vibration direction Z. We use the mica 
plate to prove that what we take for Z is really Z the slower 
ray in the section. The above discussion applies directly to 
basaltic hornblende from Cernosin, described by Tschermak. 
Other varieties of basaltic hornblende have extinction angles, 
Z A c, ranging as high as 10°. Their pleochroism varies from that 
described for the basaltic hornblende from Cernosin. For a 
fuller account of the varied pleochroism consult Iddings' "Eock 
Minerals," 1906, pages 351 and 352. 
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Basaltic hornblende occurs typically in gabbros and basalts. 

Barkevikite. — Barkevikite has the same optical orientation 
as basaltic hornblende. Its determination rests upon its ple- 
ochroism which may be worked out in the same way as that of 
basaltic hornblende, and upon its extinction ai^es, ZAc, 0° 
to 12° or 14°, in different varieties. The pleochroism is: X, 
light brownish-yellow; Y, reddish-brown; Z, deep brown. It 
will be noted that barkevikite is near basaltic hornblende in its 
pleochroic colors and in the value of the extinction ai^le. 

Barkevikite occurs in magmas rich in soda such as nephelite- 
syenite. 

Arfvedsonile and Riebeckite. — Arfvedsonite and riebeckite 
are soda-rich amphiboles. Their optical orientation, shown in 
Fig. 37, is different from that of basaltic hornblende and barke- 
vikite. It is the axis X, that of the faster ray, which lies near 
the crystal axis c. The pleochroic schemes for varieties of 
arfvedsonite and riebeckite are given below. 









X 


Y 


Z 


Greenieh'blue 
Dark bluish-green 
Deep Berlin blue 
Dark blue 
Dark green 
Darkgreea 


Blue to gray-blue 

Deep blue-green 

Light grayish-blue 

Gray-blue 

Grayish-violet 

Lil^t yellowish-brown 

Riebeckite 


Greenish^ray to yello 

Light grayiah^reen 
Light yellowish-green 
Brownish-gray 
Greenish-brown 


Deep blue 

Indigo, almost black 

Deep indigo-blue 


Lighter blue 
Blue 
Deep blue 


Green 

Yellowish-green 



Extinction angles measured on (010) are as follows; 
Arfvedsonite c A Z (slower ray) 72°, 76°, 80°. 

c A X (faster ray) 10°, 14°, 18°. 
Riebeckite c A Z (slower ray) 82°, 88J°. 

cf\X {faster ray) l\°, 8°. 
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It is always necessary in working with basaltic hornblende, 
barkevikite, arfvedsonite and riebeckite, to determine the faster 
and slower rays with the mica plate. The lack of definitely 
orientated sections and the considerable range in pleochroic 
colors make the determination of these rarer amphiboles a matter 
of difBculty. 

It helps greatly to know the association. Arfvedsonite, like 
barkevikite, is met with in soda-rich alkali rocks such as nephe- 
lite-syenite. Riebeckite appears in soda-rich alkalic granites 
and syenites. 

Pyroxenes 

Augite is a complex silicate of lime, magnesia, ferrous iron and 
ferric iron, and alumina, often with small amounts of soda. The 
composition of the other important monoclinie pyroxenes may be 
expressed as follows: 

Diopside, CaO.(Mg Fe)0.2SiO!, ideally pure 

Acmite, NaaO.Fe203.4SiOi, ideally pure 

jEgirite-augite, pyroxene with over 2| per cent. NajO, transi- 
tional between augite and segirite. 

^girite, NaiO and FesOj abundant; CaO, MgO and AUO3 
low. 

The rectangular pattern of the cleavage cracks observed on 
basal sections is of first importance in the recognition of pyrox- 
ene, and in its discrimination from amphibole. In the next place 
the colors are characteristic, especially those which are bound up 
with the appearance of the soda molecules. Acmite is brown, 
brownish-green and yellow; segirite-augite is grass green or sap 
green; fegirite is clear briUiant grass green. Diopside is colorless. 

The appeal to the extinction angles is final. In measuring 
them sections parallel to the clinopinacoid (010) are needed. 
Such sections are long and lath-shaped as a rule and in them the 
cleavage cracks ail run one way indicating the direction of the 
c aMS. In the (010) sections the maximum effect of birefringence 
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is given for all possible sections of the pyroxene. This helps in 
their identification as does also the proof by the symmetry of the 
figure in convei^ent light obtained from them that an axis 
emerges normal to the plane of the section. This axis of the 
ellipsoidal wave surface of light is Y. X and Z are in the plane 
(010), inclined at various angles in the different pyroxenes away 
from the crystal axes. In measuring the extinction angles we 
deal with the angular distance between the direction of the 
crystal axis-c known from the direction of the cleavage cracks 
and the position of one or the other of the vibration directions, 
X or Z, as the case may be. It is always necessary, therefore, to 
determine the direction of the faster or slower ray in order to 
know in a given case whether the vibration direction to which 
the extinction angle is measured is X or Z. The extinction angles 
for the pyroxenes may be tabulated as follows; 

,£giTite, 2° to 5° cA X the faster ray 

Acmite, 5° to 6° c A X the faster ray 

^girite-augite, 6° to 38" c A X the faster ray 
Diop^de, 38° to 45° c A 2 the slower ray 

Augite, 38° to 52° cAZ the slower ray 

Occurrence. — jEgirite-augite, xgirite, and acmite appear in 
nephelite-syenite and in soda-rich varieties of syenite and granite. 
They are not met with in diorite, gabbro, andesite or basalt. 
Diopside and augite are of widespread occurrence. 

Diallage. — Diallage is that variety of augite .or of diopside in 
which in addition to the prismatic cleavages a third cleavage 
parallel to (100) is well developed. Diallage is common in gab- 
bro and pyroxenite but it is not found in lavas. 

Hypersthene. — Among the orthorhombic pyroxenes hypei- 
3thene,(MgFe)O.SiOj, is recognized most easily by its pleochroism. 
The vibration directions of the wave surface of light are parallel 
to the crystal axes. X is parallel to a, Y to 6, and Z to c. The 
scheme of pleochroism is X red-brown, Y yellowish-brown, Z 
green. There is no easy way of recognizing the orientation of 
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particular sections as they are encountered in rocks. In prac- 
tice several sections of the mineral are examined in ordinary iight 
.to note whether there is a change of color from green to rose or 
red-brown. Many other minerals are pleochroic but this par- 
ticular color change is highly characteristic of hypersthene. The 
brachypinacoid (010), which exhibits this effect of pleochroism 
will show the highest interference colors for any section of the 
mineral since it is parallel to the plane of the optic axes, see page 
36. Hypersthene in the thicker sections yields brilliant inter- 
ference colors of the first order. The extinctions are parallel. 
Basal sections show prismatic cleavage cracks meeting at a right 
angle, and with these two sets a third good cleavage parallel to 
(010) is often developed, 

Enstatite and Bronzite. — In hypersthene the content of iron 
13 10 per cent, or over. When Fe is absent or nearly absent the 
pyroxene is enstatite, a mineral which is colorless or nearly so. 
The pleochroism in some varieties is yellowish to greenish. 
Colorless enstatite may resemble diopside but it yields only 
parallel extinctions. 

Bronzite is the variety rich in plate-like bronze-colored 
inclusions. In it ferrous iron is present to the extent of about 
5 per cent. 
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CHAPTER V 

DESCRIPTION OF THE ACCESSORY MINERALS OF IGNEOUS 
ROCKS 

Garnet— The garnets are isometric and they form an isomor- 
phous series of orthosilicates. The formulas of five members 
of the series are given below. 

Grossularite, SCaO-AUOa-SSiOj 

Pyrope, 3MgO.AI,Oj.3SiOj 

Almandite, SFeO.AliOaisiOa 

Spessartite, 3MnO.Al,Os.3SiOi 

Andradite, 3CaO.FejO,.3SiOi 

Common garnet is made up of tlie molectiles of grossularite, 
almandite and andradite. The mineral occurs at times in granite. 
Melanite, dark brown in thin sections, is the variety of andradite 
which is a common accessory constituent of certain phonolitic 
rocks. As has been pointed out by Iddings "the garnet occurring 
in a given igneous rock usually bears some relation to the chem- 
ical composition of the rock." 

The characteristics by which we recognize garnet under the 
microscope ate its euhedral outlines, sections of the dodecahedron 
(110) being common; its property of remaining dark at all times 
between crossed nicols; its high index of refraction; its irregular 
cleavage cracks, and its colors. Garnet stands out prominently 
in the midst of the other minerals in the slide. Its characteristic 
colors are rose-red, brownish-red, brown, yellow, and green. 

Sodalite, Haiiynite, Noselite, Analcite. — These four minerals 
are to be expected in rocks which contain nepheUte or leucite. 
Under the microscope they exhibit so many properties in com- 
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mon that the only satisfactory meaiiB for their separation is by 
microchemical tests. 

All four are isometric, coloriess, and isotropic, that is, dark in 
every position between crossed nicols. Analcite like leucite 
takes the form (211), the icositetrahedron. It ia, however, very 
often anhedral. The other three minerals are generally euhedral, 
the crystal form being that of the dodecahedron (110). Cuts 
through them yield four- and six-sided cross-sections. For 
noselite see Fig, 49, large crystal left side. The indices of re- 
fraction are low for all four minerals. They look smooth and 
have only slight relief. 

Haiaynite is at times blue in thin sections. When it is quite 
fresh and colorless it will turn blue on heating. Noselite will not 
do this. Both carry an abundance of minute inclusions. These 
may be evenly distributed, or they may be centrally arranged, or 
they may run in lines. Haiiynite and noselite usually show a 
darker border where the inclusions are especially abundant and 
the substance of the mineral has been weathered. This border 
does not appear on analcite nor on leucite, and nephelite is not 
isotropic. 

Microchemical Tests. — All four minerals gelatinize readily 
with acid. Sodalite differs from the others in containii^ chlo- 
rine. If its surface be exposed to very dilute HNO* which 
contains AgNOi in very small amounts the resulting gelatinous 
silica will be clouded with white AgCl, 

Haiiynite, which contains lime and sulphur, when treated with 
dilute HCl gelatinizes, and, after drying, abundant gypsum 
crystals are left. Noselite, which does not contain lime but 
contains sulphur, yields no gypsum crystals or only very few 
when treated in the same way. If it be treated with dilute HCl 
and a little BaCU orthorbombic crystals of BaS04 will appear on 
drying. 

Analcite does not respond to any of these tests for it contains 
no chlorine lime or sulphur. Leucite will not gelatinize readily 
with acetic acid as analcite will. Furthermore analcite does not 
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show anomalous twimung effects by any means so frequently as 
leucite does. 

Melilite. — ^Melilite, tetragonal, occurs in tabular form and 
yields sections which are lath-shaped, with the long direction 
parallel to the base. The name " peg structure " has been applied 
to a constant microstructure which is a valuable meaos of identi- 
fication. "There start out from the basal terminal plane curious 
forms shaped like pegs, spears, spatulse, oars or pipes, which 
extend to a greater or leas depth into the crystal."' These 
inclusions, possibly of glass, are all parallel to the crystal axis c, 
and they lie so that their pointed ends touch the base. The 
interference color is highly characteristic, indigo or deep purplish- 
biue. Melilite is found in basic non-feldspathic basaltic rocks, 
and in certain nephelite and leucite-bearing lavas. 

Zircon. — Zircon, ZrO».SiOi, tetragonal, is commonly brownish, 
or yellowish-brown. It appears in irregular grains and often in 
euhedral crystals. Sections are square or rectangular and give 
parallel extinctions. Zircon is characterized by a very high 
index of refraction, in consequence of which it stands out very 
prominently from among the other minerals in rock slides. Its 
double refraction is very high so that brilliant interference col- 
ors characterize extremely thin sections. Zircon is usually 
brownjn ordinary light, and it shows no significant chaise when the 
nicols are crossed for the reason that its interference colors are too 
high to be brilliant. 

Tourmaline. — Tourmaline is recognized by the following well- 
marked peculiarities. The mineral appears in clear glassy 
slender hexagonal prisms which have triangular cross-sections, 
show marked absorption and, often, strong pleochroism. Its 
index of refraction is fairly high. Its uniaxial figure, a good 
cross with rings, is obtained from sufficiently large basal sections. 
TourmaUne is negative. Basal sections have outlines as in Fig. 
38. They are usually too small, however, to jaeld a satisfactory 
figure, and the determination of the optical character must be 

1 Iddinga-RosaabuBoh, " Rock^makinc Mioerala," page 101. 
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made od long slender prisms. Tbese^indlviduals absorb tbe light 
most strongly when they are placed across the vibration direction 
of the lower nicol. In this position we may observe the color 
when the ordinary ray is used. When the long direction of the 
prism runs with the vibration direction of the 
lower nicol we observe the color of the mineral 
for the extraordinary ray E. Tourmaline may 
be nearly or quite colorless in thin sections. 
Much more often bluish-black, blue, brown, green 
Fig. 88.— Tout- Of red appears. The pleochroism in several varie- 

malina. BsbbI ^Jgg Jg (,g foUows: 

Brown tourm&line O dark brown E light yellow 

Green tourmaline O dark green B reddish-violet to 

brownish 
Blue tourmaline blue E pale reddiah-violet 

The extinction is parallel. 

Apatite— Apatite, SCasfiOg-CaCU or 3Ca,PsOg.CaFs hex- 
agonal, isacommonaccessory constituent of manyigneous rocks. 
It usually apjiears in minute prisms which share the thick- 
ness of the section with other minerals, or as small prisms well 
bounded by crystal planes. Cross-sections are six sided. The 
index of refraction is high so that apatite stands out very promi- 
nently in the section when compared, for instance, with 
quartz. At the same time its double refraction is weak and its 
interference colors (see Plate I) are low, blue-gray, much lower 
than those of quartz. As being hexagonal apatite has a parallel 
extinction. The long narrow prisms are often cross-jointed by 
the development of basal cleavage cracks. If basal sections 
which are sufficiently large are encountered they will give the 
uniaxial cross with convergent light, and the negative character 
of the mineral may be determined with the mica plate. 

Cancrinite. — Cancrinite is a very rare mineral occurring in 
soda-rich syenite and in nephclite-syenite, but not in the related 
lavas, nor with quartz. As a secondary alteration product from 
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aephelite it is much more common than as a pyrogenetic rock 
constituent. 

Cancrinite is hexagonal. It is colorless in thin sections, 
yields a good cross with rings in convergent light and is negative. 
Between crossed nicols its interference colors are brilliant, and at 
the same time its index of refraction is very low so that it has no 
relief. Diopside which might be confused with cancrinite has 
marked relief and stands out from among the surrounding 
minerals. Diopside is furthermore unlike cancrinite in being ■ 
biaxial. Orthoclase resembles cancrinite closely but it is biaxial 
and it will not show brilliant crossed nicol colors, Cancrinite 
is marked by very good straight cleavage cracks parallel to the 
prism. 

Corundum. — Corundum, AltOj, hexagonal, occurs in granite, 
syenite, nephelite-syenite, in pegmatite, and in some lavas. Its 
presence plainly indicates an alumina-rich magma. Corundum 
is a rare mineral. 

It is commonly colorless, occurring in prisms or anhedral 
grains. It yields an indistinct uniaxial cross and is negative. 
The value of the index of refraction is large and the double 
refraction near that of quartz. Corundum looks rough. It is 
distinguished from apatite, quartz and nephelite by its high 
refraction. Its interference colors are like those of quartz. 
The cleavage cracks parallel to the base are not observable in. 
thin sections. 

Calcite. — Calcite is known as an original constituent of the 
igneous rocks, but the mineral is nearly always secondary and 
due to alteration. It is colorless, with a high index of refraction, 
and with very high double refraction. Basal sections remain 
dark at all times and yield a sharp clear-cut uniaxial cross 
accompanied by many rings. Calcite is negative. Between 
crossed nicols the interference colors areof the fourth order so that 
the mineral is characterized by the admixture of the pale tints 
which appear at the right hand of the color chart (Plate I). 
The cleavage cracks parallel to the rhombohedron may be very 
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promtQent. Between crossed nicols they often stand out from 
the body of the calcite as broad bands of rose or grayiah-pink 
light, the effect being due to the interference phenomena con- 
nected with thin films. 

Epidote. — Epidote, moaoclinic, occurs rarely as an accessory i 
, pyrogenetic mineral in granite. As a secondary mineral due to 
alteration it is fairly common. .When it is original it is euhedral 
in very small yellow prisms which stand out prominently in the , 
section. The extinction is parallel to the long direction. As an . 
alteration product epidote appears in clear yellow grains. ' Be- 
tween crossed nicols it shows brilliant interference colors in slides 
of average thickness. Pleochroism may usually be observed. 

Titanite. — Titanite, CaSiTiOs, monoclinic, occurs in character- ' 
istic lozenge-shaped euhedral crystals. The diamond pane like ' 
outline of the sections, the very high relief {n = 1.93), and its 
rough surface go to mark the mineral. Its colors are commonly 
dull yellow and brown. There is usually but slight change in the 
appearance of the mineral after the nicols have been crossed, 
ntanite then appears darker than it did before, but its color is 
much the same as in ordinary light. 



Among the accessory minerals in rocks a few are metallic and \ 
quite opaque. They should be examined by direct incident ; 
hght after the mirror below the stage has been pushed to one 
side. 

Magnetite. — Magnetite, FejO*, isometric, is the commonest 
of the opaque minerals. It appears most often in irregular 
anhedral grains. When it is euhedral some trace of the octahe- 
dron (111) is usually apparent. The sections are little squares or 
rectangles. The surface is bluish-black with' high metallic 
luster. As the stage is turned the light may be reflected from 
minute smooth mirror-like surfaces. 

Magnetite grains are found' in almost every rock section. 
RhyoUte glass is at times filled with a dust of minute magnetite 
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roda. Fig. 45. The black dot-like inclusions in leucite are 
partly magnetite, Fig. 48. Calcic plagioclase occurring in 
gabbro is often permeated bj' fine magnetite dust, Fig. 40. In 
basalts and in diabase skeleton growths of magnetite are often 
prominent. 

Pyrite. — Pyrite, FeSa, isometric, is opaque. It is known 
under the microscope by its clear brassy color. The mineral 
occurs in irregular grains and in small euhedral sections cut from 
the common crystal forms (100), (111), or (210). 

Pyirhotite. — Pyrrhotite, FctSs, hexagonal, is, like pyrite, 
opaque. It differs in its bronze color. It is anhedral, occurring 
in grains. 

Limonite and Hematite. — Magnetite, pyrite, and pyrrhotite 
on weathering may give rise to yellow transparent iron rust, 
limonite, and to clear transparent red stains of hematite. 

Serpentine and Chloiite. — These two fairly common minerals 
are due to alteration. Serpentine results from olivine while 
chlorite is a decomposition product of the pyroxenes. Certain 
members of the group of the chlorites are indistinguishable by 
microscopic means from serpentine. Both minerals are apt to oc- 
cur in formless anhedral aggregates and bunches of fibers. Again 
they appear as pseudomorphs after the minerals which they have 
replaced.. Serpentine and chlorite are both green, but chlorite 
is often a much lighter green than serpentine. Again the mesh 
of fibers in the case of chlorite is usually finer grained than in the 
case of serpentine. The difference between the two appears 
most strongly between crossed nicols. The fibers of serpentine 
have higher double refraction. Yellows appear, to mark some of 
them, while the remainder are green. On the other hand 
chlorite between crossed nicols is characterized by lower in- 
terference colors in bluish tints. Among these Berlin blue is 
common. 

When it is known that the original mineral which has been re- 
placed was olivine it is safe to say that the alteration product is 
largely serpentine. Olivine crystals are frequently met in which 
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the periphery and areas adjoining cleavage cracks have been 
changed to serpentine; or the whole of the olivine may have been 
replaced by this mineral without the loss of the original outlines 
of the crystal. 
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THE IGNEOUS TYPE ROCKS 



For a considerable time the beginner should be entirely oc- 
cupied in familiarizing himself with the main rock typea given in 
the classification table, page 98. He must first gain visual 
images of the several rocks. Only at a later time need he con- 
sider the many sub-varieties, the greater number of which occur 
very rarely. Many of them have been constituted as such sub- 
varieties in the course of the most advanced and refined petro- 
^aphic work. Thus it is better to form a definite image of 
rbyolite as it looks under the microscope, and then to form an 
image of trachyte, contrasting the two, than it is to study all the 
members of the rhyolite family before considering trachyte. 
In this chapter brief descriptions of the type rocks are given. 
Attention is directed to the most important characters which 
I have considerable determinative value, and many details are 
j purposely left out in order that the beginner may get hold of the 
points of unlikeness among the type rocks. 

The granitoid rocks do not present such marked differences 
in appearance under the microscope as do the lavas. The 
individual crystals in the granitoid rocks are so large that a few 
of them occupy the whole field. For this reason, and because 
ihe feldspars and nephelite are not to.be precisely determined 
in many cases without careful work, syenite, nephelite-syenite, 
quartz-diorite and diorite have similar appearances. Granite 
and gabbro among the granitoid rocks are, however, exceptional 
in this respect. They show marked individuality. 

The first glance at a typical member of the lava series often 
serves to place the rock very nearly; and its general appearance, 
in telling us what to look for, guides our effort to determine its 
7 97 loIi- 
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mineralogy precisely. Thus among the lavas characterized by 
alkali feldspars there are very real differences between trachyte 
and phonolite, and between each of these and rhyolite, although 
it is at the same time true that there are all possible intergrada- 
tioos acAong members of these three rock families. Very 
characteristic rock pictures may be set up in the mind which are 
invaluable as starting points for later studies of the intertype 
rocks. The tyj>e rocks each carry an assemblage of characteristics 
closely bound up with the chemical composition of their original 
magxaas. Definite groundmasses occur in certain rocks; a 
mineral common to several rocks is apt to have its own particular 
look in each one of them; and certain minerals are almost peculiar 
to certain rocks. 

GRANITE 

Mineralogical CompOBition. — Microcline, orthoclase, albite; 
quartz; biotite, hornblende; small amounts of accessory minerals. 

Texture.— Granitoid, no groundmass. 

Character. — Many granites are marked in a striking way by the 
occurrence of quartz and microcline in abundance. (See Plate 
II, Fig. 1.) Microcline is more prominent in this rock than in 
any other. The many individuals of quartz, as having been cut 
differently in the slide, show the whole range of interference 
colors possible for a given thickness of the section. They may 
be dotted over with dust, or they may show tiny cavities filled 
with gas bubbles. In many granites the quartz is impregnated 
with exceedingly minute straight hair-like needles which are 
believed to be rutile. Orthoclase and albite occur frequently in 
granite. The siliceous nature of the rock is clearly indicated by 
this assemblage of minerals. 

Biotite is the commonest dark silicate, but hornblende may 
take its place in whole or in part. Muscovite is present 
in many granites. The accessory minerals are magnetite, 
apatite, zircon, titanite, garnet and tourmaline. 

As soon as quartz is recognized in a granitoid rock the pre- 
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sumption is strong that it is either granite or quartz-diorite. The 
occurrence of quartz with microcUne or 'orthoclase indicates 
granite. Quartz-diorite has andesine as its characteristic feld- 
spar. In this rock biotite and hornblende are apt to be present 
together, and they generally make up much more of the whole 
rock than they do in granite. 

SYENITE 

Mineralogical Composition. — Orthoclase, microperthite, mi- 
crocline-microperthite, oligoclase; biotite, hornblende, diopside. 

Texture. — Granitoid, no groundmass. 

Character.— Syenite differs from granite in being poorer in 
silica and nearly or quite free from quartz. All possible inter- 
gradations exist between granite and syenite on the one hand, 
and between syenite and diorite on the other. Similarly the 
syenites and the nephelite-syenites grade into each other. Sye- 
nite is a rare rock. Among the accessory minerals present 
titanite may be especially prominent. 

NEPHEUTE-SYEKITE 

Mineralogical Composition. — Orthoclase, microperthite, mi- 
crocline-microperthite, anorthoclase, albite; nephelite; ffigirite- 
augite, segirite, diopside; lepidomelane, barkevikite, arfvedeonite, 
sodalite; melanite and titanite are prominent accessory minerals. 

Texture. — Granitoid. , 

Character. — This rare rock must be identified by the recogni- 
tion of nephelite. The presence of this mineral can best be 
ascertained by a microchemical test, as described on page 72. 
It is well to remember that nephelite will not be found in a rock 
containing quartz. It may be suspected in quartz-free granitoid 
, rocks whose constituents point to an alkali-rich magma. The 
sodic character of the pyroxene will often indicate this condition, 
i.e., the occurrence of emerald-green pleochroie tegirite-augite 
or of segirite. These pyroxenes are highly characteristic of 
neph elite-syenite, and they are not apt to occur elsewhere in the 
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granitoid series of rocks. Among the accessory minerals the 
presence of brown garnet is, similarly, significant. Orthoclase 
is common, but the absence of microcline with its characteristic 
grating structure is notable, as is also the absence of the Ume- 
soda feldspars. Albite occurs frequently. 

The dark-colored silicates do not as a rule make up more than 
a small part of the rock, and magnetite and apatite occur very 
sparingly. 

QUARTZ-DIORITE AND DIORITE 

Mineralogical Composition. — Andesine and nearly related feld 



■ piBces ate other sections of hornblende, 
eeta ud btowMah-grnen under the mieroeoope. The colorless mineral surrounded by 
blDlite and hornblende (on the tight) , Is quHiti. The other colorless minerals ue feldspars. 

spar; biotite, hornblende, diallage; as accessories, apatite, zircon 
and titanite. Quaxtz characterizes quartz-diorite. 
Texture. — Granitoid . 
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Characteristics. — Quartz-diorite and diorite form a series dis- 
tittguished from the granite-syenite series by the more calcic 
character of the feldspars, which are for the most part andesine 
and nearly related plagioclases. Biotite and hornblende occur 
abundantly. Pyroxene is subordinate. 

GABBRO Ain> OUVinE-GABBRO 

Mineralogical Composition. — Labradorite, bytownite, anor- 

thite; augite, diallage, hypersthene; as accessories, magnetite, 
apatite. Olivine is present in olivine-gabbro. 



Texture. — Granitoid. 

Characteristics. — The distinguishing mark of gabbro is the 
combiaation of labradorite or more calcic feldspar with augite or 
other pyroxene. The rock is so frequently characterized by 
calcic plagioctase full of dust-like or minute rod-like inclusions 
of magnetite as often to furnish a ready means of recognizing it. 
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Fro. 41.— Gabbro, St. Peten, South Csrolian. Oidinsry light. The duk mineral ii 
rEotei ol the figure is aucite, with well-developed cleavaie ccacks parallel to (110). 
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(See Fig. 40.) In the feldspars the twinning lamellffi on the 
albite law are usually broad. Sections which happen to be cut 
at light angles to the lamellie (and in such sections the lamellae 
are bounded by very sharp lines), may betray their calcic 
character by their high extinction angles measured from the 
lines between the lamellae. The feldspar of gabbro generally 
shows pericline twinning. Gabbroic rocks occur in which dark ] 
colored constituents are almost lacking although some form of 
pyroxene, either monocUnic or orthorhombic, is a regular con- ' 
stituent of gabbro. When augite has in addition to the 
cleavages parallel to the prism planes a third well developed 
cleavage parallel to the orthopinacoid (100) it is called diallage. 
Diallage is not found in the effusive rocks. This variety of 
pyroxene is perhaps the commonest in the gabbros. (See Figs. 
41 and 42.) When hypersthene is present in notable amount 
the rock is called norite. 

RHYOLITE 

Mineralogical Composition. — Orthoclase, oligoclase; quartz; 
biotite, hornblende. 

Texture. — A well developed groundmass, often largely glassy, 
is present. 

Character. — The distinguishing marks of rhyolite are closely 
connected with the highly siliceous nature of the magma. Such 
siliceous acid magmas are far more viscous than the basic magmas. 
They cool more rapidly and are more frequently chilled. A 
glassy groundmass is therefore peculiarly characteristic of many 
rhyolites. The glassy portion of such rocks is recognized by its 
behavior with crossed nicols. It remains dark at all times while 
the stage is rotated. (See Figs. 43 and 44.) This glassy ground- 
mass may be iron stained and brown in ordinary light, or it may 
be colorless and richly impregnated with minute rods and dots of 
magnetite. (See Fig. 45.) 

With somewhat slower conditions of cooling a groundmass may 
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FiQ. 43— Khyolite. OrdinRry liahl. 



I OYMy poaition of the etHge, ainQB it ia entirely glassy. Only a few cryslab of orcho- 
LDtiviiuied, and of pLafiioclaae, appear ia it. 
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result which is largely a mosaic of little quartz grains and pieces 
■ of feldspar. The individual minerals are almost always too 
small to be readily identified. 

With still slower conditions of cooling anhedral rounded pieces 
of quartz, and euhedral or subhedral feldspars are developed. 



light. The relt^Lik. 



TRACHYTE 

Mineralogical Composition. — Glassy orthoclase; biotite, horn- 
blende, augite, dioj>side, in small amounts; as accessories, 
magnetite and titanite. 

Texture.— The groundmass is usually entirely crystalline. 

Character. — The peculiar mark of typical trachyte is the 
development of orthoclase phenocrysts^ in a groundmass of much 
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smaller orthoclaae crystals (Fig. 46) . Glass in the groundmass is 
unusual. The larger orthoclase crystals which are often clear 
and glassy are in good Carlsbad twins. The little orthoclase 
individuals in the groundmass are often too small to show clearly 
the two parts of the Carlsbad twins which characterize them. 
When they are viewed under the microscope between crossed 



nicols one gets at first sight a clear impression that they are 
distinct from each other; but, on closer examination, they are 
seen to be packed so nearly together as to indicate that they have 
I interfered with each other's growth. Flow structure is often 
apparent in the sub-parallel arrangement of these little orthoclase 
crystals. One can often see how they moved past the larger 
crystals before the magma became solid. In between the 
orthoclase crystals of the groundmass are grains of magnetite. 
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Pyroxene in green anhedral individuals is perhaps the commonest 
dark silicate. The expression of the whole rock ia quite unlike 
that of rhyolite, phonoiite, or the more basic lavas. 

PHONOLITE 

Mineralogical Composition.^ — Glassy orthoclaae, anorthoclase; 
nephelite; segirite-augite, segirite; noselite, haiiynite, sodaiite; 
brown garnet. 



Fio. 47.— Pbonolite. SpearfiBh, South Dakota. Ordinary light. The small rectangular 
ni.ed in the figure. 

Texture. — Groundmass crystalline. 

Character. — The series of minerals in phonoiite is unique. 
The occurrence of nephelite serves at once to distinguish the rock 
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from others in the lava series. Nephelite, owing to its peculiar 
habit, is very easily recognized. It appears in very small squares, 
sections of short hexagonal prisms. (See Fig. 47.) Between 
crossed nicols nephelite takes only the lowest interference colors, 
gray and bluish-gray. Its extinctions are parallel. Another 
rare mineral, leucite, in equant' crystals having rounded sections, 



may be present with the nephelite. Rings of inclusions of black 
I magnetite dots sometimes occur in leucite (Fig, 48). The 

anomalous effects of double refraction are not apparent in the 
! smaller individuals, which remain perfectly dark between crossed 

nicols. Crystals as large as one or two millimeters, however, are 

marked by effects of this kind recalling the peculiar twinning of 
fmicrocline. But they never exhibit interference colors as high as 

those observed on microcline, and they do not become clearly 

'Areally daveloped tike a circle, or gqunre, or iDtermediaCe in form betweao tbe two. 
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light and dark four times between cro&sed nicols as microcline 
does. It is well to remember that quartz will not be found in a 
rock which contains either nephelite or leucite. 

The pyroxenes present are especially characteristic since they 
will not be found so abundantly in any other lava, and they are 
usually absent from other lavas. These are bright emerald-green 
pleochroic euhedral crystals of segirite-augite, or long tufted 
bright green ragged prisms of eegirite, often surrounding many 
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small individuals of nephelite, or small green wiaps of tegirite. 
(See Fig. 47.) 

The occurrence of such a mineral as nephelite or leucite is 
of itself distinctive, but the phonolites are remarkable as well for 
their accessory minerals. (See Fig. 49.) These are of a kind to 
indicate clearly the abundance of the alkalies in the magma. 
Noselite, haiiynite and sodalite in euhedral crystals are common. 
Brown garnets appear in many phonolites; and titanite, in small 
brown wedge-shaped crystals, is usual. 
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DACITE AlfD AITDESTTE 



MinenilogicBl Composition. — Andegine or nearly related lime- 
soda feldspar; biotite, hornblende, augite, diopside; as accea- 
sories magnetite, apatite, zircon. Quartz is present in dacite, but 
absent from andesite. 

Texture. — Groundmass present. 

The two rocks dacite and andesite are so much alike except 
for the presence or absence of quartz that it is sufficient for both 
to point out the special characteristics of andesite. 

Andesite is marked by several peculiarities in the expression 
of its feldspar phenocrysts and by a characteristic "pepper and 
salt" groundmass (Fig. 3, Plate II). The plagioclase feldspar 
usually has some such irregular outlines as appear in the large 
individuals in Fig, 3, Plate II. Zonal structures are common 
in it. The twinning lamellie are apt to be few and narrow and 
they often wedge out before running the length of the crystal. 
Again the feldspar will be marked by inclusions of glass zonally 
arranged , (Fig. 3, Plate II). The groundmass, containing in- 
Dumerable minute indistinguishable feldspars in a matrix much 
of which shows dark between crossed nicols, is best described 
by some such termas "pepper and salt." Itia a groundmass 
that is not apt to appear in any other type rock in the lava 
series. The nearest approach to it is the groundmass of some 
rhyolites, but these are usually distinguishable by their content 
of minute pieces of quartz owing to the presence of which as the 
stage is turned between crossed nicols more light gets through. 
In andesite dull green pleochroic hornblende in long prisms marked 
by euhedral outhnes is common. Mica may be present in 
rectangular squarish patches. 

DIABASE AKD OLIVINE-DIABASE 
Mineralogical Composition. — ^Labradorite, bytownite, anorth- 

ite; augite; as accessories, magnetite, apatite. Olivine is present 

in oli vine-diabase. 
Texture. — Intermediate between those of gabbro and basalt. 
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Character. — Diabase is recognized by its structure and by its 
simple mineralogy. It is made up of fairly calcic lime-soda feld- 
spar and augite, and the most noticeable thing about it is that the 
feldspars grew first and then augit« took form in the interspaces 
between the feldspars (Fig. 2, Plate II), The namejiitcrsertgl has 
been applied to this structure. The plagioclase crystals are 
usually euhedral, i.e., bounded by good crystal outlines, or sub- 
hedral, in long lath-shaped forma. The twinning on the albite 
law is often marked by the development of clear-cut moderately 
fine lamellfe. Carlsbad twinning may often be noted in addition 
to the albite twinning, one part of the crystal appearing blue be- 
tween crossed nicols in the 45" position, and the other yellowish. 
When such doubly twinned crystals are cut at right angles to 
the lamellse then sharp hair lines bound the single bands and the 
crystals lend thiemselves to the method of determining the 
particular variety of plagioclase by the symmetrical extinctions, 
as outlined on page 52. Yellowish interference colors point to 
the occurrence of calcic feldspars. Labradorite is perhaps the 
commonest feldspar present. 

The augite has not had as good s chance to develop with freely 
grown crystal outlines as did the feldspar. Augite individuals 
are tucked away in the interstices. Some will be noted filling 
nearly triangular spaces; or their boundaries will be quadrangu- 
lar, but determined for them by the sides of tiie feldspars. The 
euhedral outline of augite so often well developed in other rocks 
and of value for the recognition of the mineral does not appear 
in diabase. Furthermore the cleavage cracks on basal sections 
are not commonly seen id good development. The augite of 
diabase is often, however, of a peculiar violet-red which the eye 
sopn learns to recognize. (See Plate II, Fig. 2.) Another char- 
acteristic color is pale buff. Magnetite is almost sure to be 
found in diabase. Skeleton crystals frequently mark its occur- 
rence. Apatite in crystals which for this mineral are large may 
often be noted. This assemblage of characteristics is striking. 
Diabase may be recognized by its peculiar structure even when 
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the augite haa been in great part or wholly changed to chlorite 
and when the feldspar is so far decayed as scarcely to show the 
albite twinning lamellEe. 

OLIVINE-BASALT AND BASALT 
Mineralogical Composition. — Labradorite, bytownite, anor- 
thite; augite; magnetite. Olivine is present in olivine-basalt. 
'Texture. — A groundmass, often in part glassy, is present. 
Character. — Basatt has in general the same chemical composi- 
tion as diabase, but for it the conditions of cooling were more 
rapid. There ie in the first place an absence of the characteristic 
"intersertal" 'structure so prominent in diabase (Fig. 2, Plate II}. 
With very quick cooling a glassy base appears in the groundmass. 
This may often be richly sown with magnetite dots or skeleton 
crystals. The crystalline portion of the rock is made up of promi- 
nent augite and olivine crystals, with plagioclase very poorly 
developed in small individuals. The augite phenocrysts are 
often a pale buff color which is highly characteristic (Fig, 4, 
Plate II). The crystal outlines are usually good. At times the 
augite of basalt shows brilliant interference colors. Again the 
mineral is almost unchanged in appearance after the oicols 
have been crossed. Ohvine is frequently euhedral. It is in 
olivine-basalt that we see this mineral at its best. We can 
readily note the parallel extinction when it shows euhedral 
outlines. The interference colors are brilliant. In many cases 
olivine is the only prominent phenocryst in a crystalline ground- 
mass made up of somewhat indefinite brown augite individuals, 
and magnetite dots, with or without a poor representation of 
lime-soda feldspar, the determination of which is difficult. This 
assemblage of characteristics marks a rock type quite unlike 
andesite and distinct from diabase. 

CHEMICAL COMPOSITION OF TYPE ROCKS 

The student may make use of the diagrams ^ven in Fig. 50 
to gain some knowledge of the chemical composition of the main 
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rock types. In Fig. 50, B is drawn to indicate the composition 
of the average rock. The molecular amounts of its several 




— DiBEratna to illus 



oxides are plotted along the lines against which the names of the 
oxides AUO», KjO, Na^O, TiOj, FeO, CaO, and MgO stand, in 
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Platb II. 

FiQ. 1. — Gbamixc, bbtwxxn cbomkd nicolb. 
(Aeproduoad/rom a dratainf in waltr eaior.) 
The convtitucdt minerals ar« niicroQiiae, quvti and biotite. Owing to 
the (hicknees'of the Mction, brilliant colora of the first and second orders 

The feldapar (nicrodine) in th« right band quadrants is marked by its 
charaoteristio lattice — structure twinniuK. Tbe daik brown mintfal in 
theS. W. quadrant near the centered the figore is biotite. The drawing shows 
the mottled or"curly maple" appearance peculiar to the mineral in certain 
positiaiia of the stage. Tbe remaining crystals in the figure are secUona 
of quarti cut in several 'CryBtallogr^>bia directions. Were the rock 
section thin, only the bluish gray shown on the piece bcvdering the biotite 
in the S. W. quadrant would appear. The red, between the quarti crystal 
mentioned i^ve and the microcline, and the yellow, orange and green in 
the N. W. quadrant mark the range of colws which is often seen when 
to a thick rock section several pieces of quarts have been cut in different 
crystallographic directions. The quMti caystals do not show good straight 
cleavage o-aeks like those in the biotite. &ome ot the individuals of quarts 
are clear and gtasery and free from inclusion*. Others are marked by 
abundant inclusiosu. In ordinary light all the minvals, with the exception 
of the brown biotite, would be colorless. 

It wiU be observed that tbe texture of the granite is altogeta- unlike 
that shown in Figs. 3 and 4, andesite and olivine-baaalt, in which a ground- 
mass is present. In the granite, with 'conditions allowing fcH" an extremely 
alow rate of cooling, many individuals were p'owing together at much 
the same time. They interfered with each other, and consequently there 
are ragged boundary lines between them. The individuals are anhedral, 
i. «., not bounded by crystal faces. The texture is granitoid. 

Flu. 2. DiABABS. 

{From a drawing in water-color.) 

The constituent minra'ak are augite and plagioclaee. 

The augite is represented as it would appear in ordinary tight, violet-red 
or buff colcred. These colors are highly characteristic. Surrounding 
the augite is plagioclase feldspar, drawn as it would appear between crossed 
aicols. The twinning in parallel bands on the albite law is marked. 

A most important means of recognizing diabase is its structure. The 
plagioclase has plainly grown first, and the augite has filled in the spaces 
left tor it between the plagioclase crystals. This structure is peculiarly 
characteristic of diabase. 
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Platb II.— CofUtnued. 

FiQ. 3. — AmmwTK, crobbio mcoLB. 
(From a color pkotofragh Idtan on a Lumikrt plate.) 

The ohief coDstituenta are plagioiilwe and homblmde. The Urge crye* 
taJs near the center of the figure ore plagioclsae. The mintraJ is aubhedrttl, 
and marked by many ioctusioiui. TwinoitiK lamelln are few and inter- 
rupted. Zonal structure appears clearly in the a^atal on the margin 
of the figure in the S. E. quadrant The triangular green oyetal to the 
r^ht of the large feldq>arB is hornblende. Owing to its strong abaorptioD 
it does not show brilliant intorference colors. 

The groundmasB has a characteristic "pepper and salt" ^>pearance. 
It may look thick and dark, as in the illustration, or more Ught may come 
through it in thinno' sections. 

Pro. 4. — Olitihb-babalt, oBCiKABr light. 
■• {Be'pTodiuxd Jrota a Lumiire jiaU.) 

The constituent minerals are augite, olivine, plagioclase and magnetite. 
The dull brownish crAor of the whole rock is occasioned by the prominence 
of buff or duU brown augite as a constituent of the groundmaM. Plagio- 
clase, in cal<vlees anhedral or mibhedral individuals is Hcarcely distin- 
guishable. The black grains are magnetite^ The prominent euhedral 
colorless cryst^ in the center of the figure is (divine. The ooeurrence of 
this minerid with abundant buff colored ansite marics the roek in % striking 
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accordance with the method proposed by Iddings.* Connecting 
lines, as that between NaiO and AliOg, and that between AlsOg 
and KiO are added to bound the figure and to help the eye to 
realize its proportions. The lengtiis of the horizontal lines are 
proportional to half the molecular amounts of the silica. The 
correspondence between the analyses of granite and rhyolite, 
syenite and trachyte, nephelite-syenite and phonolite, quartz- 
diorite and dacite, diorite and andesite, gabbro and basalt, is so 
close that the outlines plotted in Fig. 50 A and C will serve for 
comparison of all the type rocks in the table on page 98. 

For references to the literature of the several type rocks con- 
sult H. Rosenbuscb, "Massige Gesteine," 1907-8, Band II. 



Truflbytfl. p. 877. 



Nepbelite-SyeDit«, p. 184. 
Quuti-Dioiite and DioriM. p. 2S4. 
Gabbro sod Olivine-Oabbio, p. 310. 
Rbyolite, p. 7«. 

diuga. " Ignwixa Rockg." Vol. I, pofs 1 
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CHAPTER VII I 

THE VAIUETAL ROCKS RELATED TO THE TYPE ROCKS 

The literature of petrography is voluminous. In it are 
described in detail several hundred varietal rocks which may be 
grouped around the types considered in Chapter VI. As an aid to 
the student's wider reading, in the course of which he will need 
to compare many closely related rocks, and as a body of data 
for reference the tabulations of varietal rocks with numerous 
references to the literature, will prove serviceable. The writer 
has made a large use of the descriptions in Iddings, "Igneous 
Rocks," Vol. I, in the construction of the following rock tables. 
To indicate the relative frequency of occurrence of these rare 
rocks on the basis of 1000 a number has been placed in the tables 
under the name of each varietal rock. For this purpose a count 
was made of the rocks tabulated in the collection brought 
together by Dr. H. S. Washington in Professional Papers 14 and | 
28 of the United States Geological Survey. It will be noted 
that not more than about a score of the varietal rocks occur more 
frequently than two times in a thousand in this representative 
collection. 

Advanced petrographic work calls for the precise determination 
of the constituent minerals in a rock, and for their estimation 
quantitatively. Unfortunately many of the rarer rocks were 
originally described without much regard to the giving of quanti- 
tative data bearing on the proportions of the minerals present in 
them. In the tables which follow the abbreviations noted 
below have been used to assign roughly to each mineral the part 
played by it in the rock. 

P prominent, preponderant 
S subordinate 

+ occurring occasionally, or in very small 
amounts 

116 
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VARIETAL ROCKS RELATED TO THE TYPE ROCKS 117 

An asterisk (•) refers to the occurrence of a mineral in pheno- 
crysts, i.e., in prominent crystals in the groundmass. 

When a letter is followed by the numeral 1, as SI in the column 
for the rock Ekerite in the table below, it signifies that the rock 
contains either one or the other of the minerals against which the 
sign SI stands. 

AfabreriationB 
Used in references to petrographic literature 

A. J. S. American Journal of Science (New Haven). 

Bull. Bulletin. 

G. F. F. Geologiske Fdrening in Stockholm F6rhandlingar (Stockholm). 

J. G. Journal of Geology (Chicago). 

N. J. Neues Jahrbuoh fUr Mineralogie, Geologie, und Palaontologie 
(Stuttgart). 

N. J. B. B. Neues Jahrbuch, Beilsge Band (Stuttgart). 

Q. J. G. S. Quarterly Journal of the Geological Society of I/ondon. 

Ros. Mass. Gest. Roeenbuach, Maasige Gesteine. 

T. M. P. M. Tschermsk's Mineralopsche und Petrographische Mit- 
theilungen (Wien). 

U. S. G. S. United Statea Geological Survey. 

Z. D. G. G. Zeitschrift der Deutsche Geologische Geeellschaft (Berlin). 

Z. K. Zeitschrift ftir Krystallographie (Munchen). 

THE VARIETIES OF GRANITE 

The first thing taken into account in the subdivision of the 
granites is the amount of lime-bearing minerals present. Alkali 
granites on the one hand are almost without lime-bearing 
minerals. They carry little or no lime-soda feldspar. Among 
these rocks are: 

Apllte. — Quartz and alkali feldspars; except for a little musco- 
vite almost without subordinate minerals. 

Alaskite. — Quartz and alkali feldspars almost entirely; without 
muscovite. Twentieth Ann. Rep. U. S. G. S., Part 7, 189, 195. 
Amer. Geol., XXV, 231. 

Riebeckite-Granite. — Characterized by the amphibole riebeck- 
ite in subordinate amounts. 

The mineralogical composition of others is tabulated below. 
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i (A) 
AI^BACHITE 

j 1 


(B) 
EKERITE 

<1 


(C) 

ROCKALLITE 

<1 




P 


P 












P 












P 














1 












S 


+ 












81 
























1 jEgirite 81 


Nearly equal 

amounts of each 
mineral 



I, Bd. XLlV, Heft 2, 1 



9. B«y. Irish Acad. XXI., Part 111, 39. A. J. S.. Mu., 1SS9, 2 



The cftlci-alkalic granites differ from the alkali granites in 
their larger content of lime-bearing minerals. Their feldspars 
are still preponderantly alkali feldspars but with these small 
amounts of lime-soda feldspar occur. 

Among the Calci-alkalic Granites are: 

Muscovite-granite ; 

Muscovite-biotite-granite ; 

Biotite-granite, without muscovite; 

Homblende-biotile-granite ; 

Hornblende-granite, without biotite; 

Pyroxene-granite, with scarcely any hornblende or biotite. 
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(A) 

NORD- 

MARKITE 

2 


ALKALI-SYENITES 

""(B)" 1 (C)~ 
PULAS- UMPTE- 
KITE KITE 

2 ■ 1 1 


(D)" 

LAURVI- 

KITE 

1 


(E) 
SODALITE- 
8VENITE 

I 


««irt-..-. 


+ 














P 






p 












P 






















P 














P 


1 














Mieroperthite. 


P 


1 P 


P 


PI . 






S 


+ 


t 














S 




+ 


s 












.+ 


+ 




+ 
















+1 






















+1 




















+ 


+ 1 


+ 














+ 




« 












Anrite 








s 






















s 















^rite 


+ 








1 







(A) Z. K., XVI, 54, 1890. 

IB) Asn. Kep, Gaol. Surv. Arkuuas, ISSD, II, SB. 

|C) Feania, XI, 2, 1864, Roa. Ma>B. Oest., 151, 1607. 

ID) Z. K., XVL2a, 1890. 

(E) A. J. 8„ Apr.. 1893, 2Sfl. 
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THE SYENTTES AMD RELATED ROCKS 

The syenites like the granites fall into two divisions: 

I. Alkali-Syenites, which are almost without lime-bearin 
minerals; and 

II. Calci-alkalic syenites, which have a notable content c 
lime-bearing minerals. 

They may be tabulated as on poges 119 and 120. 



CALCI-ALKALIC SYENITES 





MICA- 
SYENITE 


HORNBLENDE- 
SYENITE 


(A) 

tOnsber- 

GITE 
<1 


(B) 

AKERIT! 

<1 




+ 


+ 


+ 








Orthoclaae 


P 


P 


P 


P 


OUgoeiMB 


P 


P 
















P 














s 1 


















+ 


S 












DioDside 









































(B) Z. K., 1800, 43.' 
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Among the variants from the syenites which are rich in ferro- 
magnesian minerals are shonkinite and malignite. A statement 
of their mlneralogical composition follows. 





(A) 
SHONKIN- 
ITE 

(in part) 1 


(B) 

GARNET- 

PYROXENE- 

MALIGNITB 

< 1 


(C) 
AMPHIBOLE- 
MALIGNITE 

<1 




8 














+ 












Albite 


+ 
















P 












+ 














+ 












Biotite 


P 


S 


8 




P 








Augite 


P 














s 










P f 












Melanite 


+ 








Apatite 


+ orS 


+ 


+ 



<A)BiiU. GeDl. Boc. A 



„ VI. 415, 1S9G. A. J. S., D«c., 1S95. p. 170. 
Univ. Calif., I, 340. IBSS. 
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THE HEPHELITE-STEmTES AND RELATED ROCKS 

The number of phanerocrystalline rocks which may be con- 
sidered as varieties of the type rock nephelite-syenite is large, and, 
as an inspection of the inset table (1) will make plain, their con- 
stituent minerals are many. The sodic character of the magmas 
is their striking peculiarity. 

Phanerocrystalline rocks related to Nephelite-syenite, but 
without feldspar, composed chiefly of feldspathoids and sodic 
ferro-magneaian minerals, are rare. Urtite, SuBsexite and Tawite 
are relatively poor in ferro-magnesian minerals as compared with 
Ijolite, Nephelinite, Mieso.urite and Jaeupirangite. Sussexite 
is Urtite which shows a porphyritic texture — large phenocryata 
of nephelite in a fine-grained assemblage of nephelite and segirite. 





(A) 
URTITE 


(B) 

TAWITE 

<1 


(C> 
IJOLITE 


(D) 
NEPHEL. 

INITE 
6 


(E) 

MIS. 

aOURITF 

<1 


(F) 

JACUP- 

IRANGITB 










+ 


















odttF 








+ 


















NapheUte-... 


P 




. P 


P 




















+ ■ 


s 


















P 




+ 


























+ 
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P 




F 














„ auoite 






P 


^ 


1 












^(irite 
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P 


















P 






1 




















+ 


a 
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(A) 
URTITB 


(B) (C) 

TAWITE IJOLITE 

<1 ■ 3 


(D) 
NEPHEW 

INITE 


<E) 

MI8- 

80URITE 

<1 


(D 
JACUP- 
IRANOITE 








+ 


+ 


















+ 




+ 


+ 




8 








TiUnt 






+ 






















Nephdite 
nuy be 
over 80% 

3uHeiiU 

phyiitio 
UrtiW. 




NspheUM 
uidpyr- 

Dearly 

equal 


NepheUte 
utdpyi- 

fioe in 
De«ly equal 


AugiM 

60%. 
Oliviae 

16%. 
LeuoiM, 

16%. 
Biotite, 

6%. 
Anolcite, 

8%. 


Mticnetite P 
IlmeuiM P. 



(A) G. F. F., XVIII, *63, ISM. 
IB) Feonia, XI. 2, ISM. 
|C1 G. F. P., 1891, 300. 



(D) Ra«. Msu. Oeat; 1433. 1908. 
CE) A. J. B., II. p. 321. 1896. 
(F) A. J. a., Api., 1891, p. 3U. 



THE DIORIl^S AND RELATED ROCKS 

The varieties of Diorite include those which, with fairly calcic 
, feldspar, andesirte or labradorite, are characterized by the pres- 
ence of considerable orthoclase on the one hand, and, on the 
other hand, the normal non-potassic sodic Diorites in which 
orthoclase and microcliae are very sparingly present. Kental- 
lenite and Durbachite are very rich in ferro-magnesian minerals, 
and correspond in a general way to the Shonkinite-Malignite 
series, Olivine-Monzonite is like Kentallenite except that the 
feldspars and ferro-magnesian minerals are in nearly equal 
proportions. 

Of the variants tabulated below Quartz-Monzonite is nearest 
to granite, while basic Quartz-Diorite approaches gabbro closely. 

Granodiorite has less orthoclase than Quartz-Monzonite and 
more than Quartz-Diorite. 
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GABBROIC ROCKa 





(A) 
ESSEXITE 

(in part) 
2 


(B) 
BEERBACHITE 

(in part) 
1 


ALLl- 

VALITE 

<1 


HARRI- 
SITE 
<1 




+ 
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Nephelite 
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1 












8 
















AuKite 


8 




+ 










Diallaite ' 


P 












HyperBthene 




8 












+ 




P 











PBRIDOTITES AND PYROXENITES 

The Peridotites are phanerocrystalline rocks made up chiefly 
of olivine and pyroxene. Hornblende and mica are subordinate. 

The Pyroxenites are phanerocrystalline rocks made up chiefly 
of pyroxene. Small amounts of hornblende and calcic feldspar 
occur, and a little olivine may be present. Of these rocks Dial- 
la gite, Enstatitite and Hypersthenite are severally almost 
wholly diallage, enstatite and hypersthene. 
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THERAUTB AIVD RELATED ROCKS 

The rare phanerocrystalline rocks characterized by the feld- 
spars andesine-labradorite or andesine, with some orthoclase, in 
which the feldspathoids nephelite, leucite and the eodalites are 
present, as well as pyroxene, amphibole, mica and olivine, in 
subordinate amounts, belong to the Theraiite aeries. The 
Theralites are closely related to the Teschenites, but in the latter 
the feldspar is more calcic, labradorite. The minera logic nl 
differences appear in the table below. 





(A) 

THERALITE 

2 


(B) 
ESSEXITE 

{in part) 2 


TESCHENITE 

1 




+ 
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P 












8 










NepheUte 


P 


SI 










81 










+ 


+ 








Barkevikitichomblende 


+ 


+ 


s 




8 


1 






Augite 


8 


+ 1 ^ 


■Egirite-augite 


8 


1 




Olivine 


+ 


+ 














Aoalcite P. Prob- 
ably altered 
nephelite. 



(A) Roa, MsM, Gest,. 437, 1907. J. E. Woin. Petrography of 
MontariB, Northern TraoBcoat. Survey. 1885. 

(B) Bull. Essex. Init.. XXIIl. I4S, ISei. J. G., VII, S3, 1S90. 
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THE ROCKS RELATED TO RHYOLITE 

The subdivisions of Rhyolite have to do with mineralogical 
composition and with texture. Furthermore, those rocks which 
are known to be recent geologically, or which have the appear- 
ance of being recent geologically, and show fresh unweathered 
minerals, have been separated as having the Cenotypal habit. 
On the other hand old lavas geologically, or those with the signs 
of weathering and the appearance of age have been called 
Paleo^pal. 

It is to be noted that Liparite, a term much used by European 
geologists, is equivalent to Rhyolite. 

Quartz-Porphyry is paleotypal rhyolite. 

By Lithoidite is meant rhyolite with a stony groundmass 
instead of the commoner glassy groundmass. Among the 
rhyolites with a glassy groundmass are : 

Perlite in which the fracture is much like the surface of a 
sphere; and 

Obsidian, with conchoidal fracture. 

Nevadite is texturally peculiar because the phenocrysts occupy 
more space than the groundmass which contains them. A. J. S., 
June, 1884, 461. 

The term Felsite may be used to indicate paleotypal rhyolite 
without phenocrysts. Under the microscope the rock is seen to 
I consist of glass, microcrystalline quartz, and alkali feldspars. 
] Pitchstone, paleotypal, is glassy with a resin-like luster. 

Tordrillite is the cenotypal equivalent of Alaskite. Twentieth 
! Ann, Rep. U. S. G. S., Part 7, 189, 195. 

Quartz-Bostonite ia the paleotypal equivalent of tordrillite. 
i The mineralogical composition of other varieties of rhyolite 
appears below. ' 
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VARIETIES OF RHVOLITE 

^"" (A) P(B) j \ j 

Cenotypal PANTEL- i COM- j | 
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^girite-augite . . 


P 




1 










jEgirite 
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Ground maas 
stony or 

glaesy. 
Quartz 
pheno- 

crysta rare. 


Stony 
ground- 


Ground- 1 

mass with 
quartz, 
ortboclase 
and wgir-! 
ile. 1 


Microper- 
thite+. 



i. IV„ 48, 1S95. 
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TRACHYTES AIID RELATED ROCKS 

Among the Trachytes are: 1. Alkalic Trachytes; and 2. Calci- 
alkalic Trachytes. In each division cenotypal and paleotypal 
rocks occur. 



^girite-Trachyte and Riebeckite Trachyte so named from their 
prominent dark silicatea, are soda-rich alkalic trachytes. 

Solvsbergite and Bostonite are alkalic paleotypal trachytes. 



Among the cenotypal calci-alkalic trachytes are 
Mica-Trachyte 
Augite-Trachyte 
Sanidine-Oligodase-Trachyte 
Domite 

Paleotypal calci-alkalic trachytes include 
Mtenaite 

Rhombenporphyry 

The mineralogical composition of a number of these rocks is 
tabulated below. 
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VARIETIES OF TRACHYTE 
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Like BoBtonite, but 
rich in oligoclase. 


Katophor- 

iteS2 


Other min- 
erals al- 
most lack- 
ing. 



(A) Erupt, Oest. Kriat., Ill, 207, li 

(B) Erupt. Geat. Krist., I, 67. 

[CJ T. M. F. M.. laeo, 447. Bull. 
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Trachytic rocks which are very rich in ferro-magnesian 
minerals have been called Lamprophyres. Their composition 
is as follows: 

LAMPROPHYRES 
(Sm tlMo pM* 139.) 



Paleotypal 
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Varieties are 
Hornblend^Vo- 
geaite, Augite- 
Vogesite. 
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THE PHOKOUTE SERIES 
Varieties of PhonoUte are tabulated below 



Cenotypal 
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AeniBmatite 




Amphibole+ 


Glassy base 
which prob- 
ably eon- 
taina alkali 
feldspar. 
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Leucite-Phonolite carries leucite in addition to nephelite. 
Leucitophyre is a synonym for Leucite-Phonolite. 
Leucite -Tinguaite carries leucite replacing some of the nephe- 
lite. The leucite is weathered and altered. 
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THE DACITE SERIES 

The varieties of Dacite include: 
Biotite-Dacite 
Biotite-Homblende-Dacite 

Biotite-Homblende-Pyrozene-Dacite, as well as the rocks 
tabulated below. 
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(A) BrSEBer; Die Trivlische EruptioDsfoIte bi 

(B) Bull. Geol. Soc. Amer., V, 588. 

(C) A. J. S,. Jbd,, 1S87, 4». 
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THE ANDESITE SERIES 

The varieties of Andesite parallel in a general way those of 
diorite. There are potassic types and aodic types. Cenotypal 
and paleotypal andesites are met. Mica-Andesite, is the normal 
Andesite. The more common varieties are as follows: 

Pyrozene-Andesite 

Augite-Andesite 

Hypersthene -Ande site 

Honiblende-PyTozene--Aiidesite 

Homblende-Andesite 

Homblende-Mica-Andesite 

Latite is a general name for the effuBive equivalents of mon- 
zonite. Bull. 89, U. S. G. S. 

Propylite is paleotypal andesite in which the pyroxene is al- 
tered to hornblende or chlorite. Mem. Calif. Acad. Sci., I., 60, 
1867. Auganite is the name proposed by A. N. Winchell for 
augite-andesite and for basalt. Oivine-basalt is then called 
simply basalt. 

Other andesitic rocks are tabulated below. 
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Certain dike rocks, among the Lamprophyres, rich in augite, 
hornblende, or biotite, may be put with the varieties of Andesite. 

Of these rocks Biotite -Kersantite and Homblende-Kersanttte 
are not so common as Biotite-Augite-Kersantite. 

Cuselite is Augite-Kersantite with little mica. (A.) 



LAMPROPHYRES 





(B) 

ABSARO- 

KITE 

3 
















BIOTITE- 
AUGITE 

KERSAN- 

TITE 

4 


■(C) 

8PE8SAR- 
TITE 
<1 


(D) 
CAMPTO- 






.8 




S (note) 


+ (note) 


+ (note) 






























P 


P 


P 










S 


P 


















PI 


•P 




























Auidte 


•P 


P 


PI 


•P 








•P 


+ 


+ 









(A) Roa. Mau. Gwt., 603. 1SS7, 

(B) J. a.. III. B3fl. 

(C) Roa. Mass. Cest., 532. 1886. 

(D) A. J. 8., 1879, XVII. 147. 
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THE VARIETIES OF BASALT 

The varieties of Basalt have to do with the prominence of 
certain minerals, as for instance hypersthene, hornblende, 
olivine, and quartz. 

Hypersthene-Basalt, with hypersthene augitc and olivine. 

Hornblende-Basalt, with iron-rich hornblende. 

Quartz-Basalt, with quartz phenocrysta in addition to the 
normal pyroxene and olivine. 

Olivine -Basalt, rich in olivine, see page 138. 

The feldspar is at times andesine and at times labradorite. 

Melaphyre is paleotypal altered basalt. 

Odinite is unusually rich in ferro-magnesian minerals as com- 
pared with the feldspars. In this rock labradorite, augtte, and 
less frequently, hornblende, occur in a groundmass made up of 
feldspar and hornblende. Notizbl. Ver- Erdkunde, Darmstadt, 
1892, Heft 13, page 1. 

TEPHRITE AND RELATED ROCKS 

The equivalents of the Theralite-Teschenite aeries among the 
aphanitic rocks are rare. They are tabulated below. 
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Cenotypal 
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BASIC ERUPTIVE ROCKS 

Certain basic rocks which on the one hand are related to the 
Pyroxenites and Peridotites, and on the other hand to the feld- 
apathoid rocks are mineralogically as follows. 
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CHAPTER VIII 
THE METHOD OF DESCRffllKG ROCKS 

It is in every way desirable that descriptions of rocks should 
be in large measure quantitative. The series of quantitative 
terms proposed by Cross, Iddings, Pirsson and Washington in 
the Journal of Geology, Vol. X, page 611, and Vol. XIV, page 
692, for the purposes of rock description have proven extremely 
useful. A very full account of them, with illustrations, may be 
found in Iddings' "Igneous Rocks" Vol. I, Chapter VI. It 
would be of the greatest possible service if the literature of rocks 
could be systematically re-written with the ends in view proposed 
by these workers. It is of enormous advantage for the students 
in a laboratory to make use of the same quantitative descriptive 
terms with precision. Reports on rocks can be written in an 
orderly manner, the labor of description is minimized, and the 
records of work done can be easily corrected. The chief gain is, 
however, to the student himself, who is forced to take critical ac- 
count of relations obtaining among the minerals of rocks that he 
would not otherwise notice. 

For each rock the beginner should record in writing 

I. the degree of crystallinity; 
II. the absolute size of the grain; 
III. the relation obtaining among the crystals as to their 

relative sizes, and, when a groundmass is present, 
IV. the amount of the groundmass as compared with the 
amount of the phenoerysts; 
V. the average size of the phenoerysts. 

For each constituent mineral of the rock a statement should 
be made regarding: 

143 ^ , 
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A. the degree of perfection of its crystal outline; 

B. its crystal habit; 

C. ita srrangement in the rock. 

Finally a quantitative estimate should be made in percentage 
figures giving roughly the amount of the whole rock represented 
in each mineral, with a statement of its amount in the phenocrysts, 
and as a constituent of the groundmass (when a groundmass is 
present.) 



Rocks may be: 

a. Holocrystalline, wholly crystalline, with no glass. 

b. Per crystalline, with crystals 87J per cent, of the w^hole, 
or over, the remainder being glass, I25 per cent, or less. 

c. Docrystalline, with crystals between 87^ per cent, and l 
62J per cent. 1 

d. Hyalocrystalline with crystals between 62j per cent, 
and 37i per cent. 

e. Dohyahne, with crystals between 37| per cent, and 
12| per cent, 

f. Perhyaline, with crystals 12^ per cent, or less. 

g. Holohyaline, wholly glassy. 

II 
Rocks are: 

a. Coarse grained when on the average their crystals are 
over 5 mm, on the longest diameter. 

b. Medium grained when on the average their crystals 
are between 5 mm. and 1 mm. on the longest diameter. 

c. Fine grained, when their crystals are on the average 
less than 1 mm. on the longest diameter. 

Ill 
! Rocks may be spoken of as having an Equigranular Fabric, 
' composed of crystals of like orders of magnitude, when the sizes 
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of the great number'of crystals that give character to the fabric 
are areally as near together as 1 and 2J, their diameters being 
within the limits 1 and 1| (Fig. 51). 




Inequigranular rocks are composed of crystals of unlike orders 
of magnitude (Figs. 52 and 53). 

We use the terms Seriate Fabric when in inequigranular rocks 
the variations in the sizes of crystals are in a continuous series, 




and Hiatal Fabric when the variations in the sizes of crystals 
occur in broken series, with hiatuses. 
i The seriate fabrics are four: 
1. Seriate Homeoid, with a small range of sizes among the 
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crystals and nearly equal numbers of crystals of each of the differ- 
ent sizes (Fig. 54). 

2. Seriate Porphyroid, with a small range of sizes among the 
crystals, and quite different numbers of crystals of different sizes 
(Fig. 55). 

3. Seriate Infersertal, with a wide range of sizes among the 
crystals, and nearly equal numbers of each size (Fig. 56). 

4. Seriate Porphyritic, with a wide rai^ of sizes among the 




■Seriate intetsortal fabric. 



te potptyritic fabric. 



crystals, and marked differences in the number of crystals of each 
size (Fig. 57). 

The hiatal fabrics are two: 

1. Porphyritic, marked by a groundmass of crystals or glass 
in which are scattered crystals of notably larger size called 
phenocrysts. 

2, Poikilitic, when relatively large crystals act as a matrix for 
smaller crystals. 



IV 

The following terms are used to state the relative proportions 
between the groundmass and the phenocrysts contained in it: 

a. Perpatie, groundmass S7j per cent, or over. 

b. Dopatic, groundmass 87i per cent, to 62| per cent. 

n,gN..(jNGoogle 



THE METHOD OF DESCRIBING ROCKS 



147 



c. Sempatic, groundmass 62J per cent, to 37i per cent. 

d. Dosemic, groundmass 37i per cent, to 12^ per cent. 

e. Persemic, groundmass less than 12i per cent. (See 
Fig. 58). 





() 
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() 
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O 
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In describing the size of the phenocrysts we may employ the 
following terms: 

!^ a. Magnophyric, when the phenocrysts are on the 
average greater than 5 mm. on their longest diameters. 

b. Mediophyric, when they are between 5 mm. and 1 mm. 

c, Minophyric, when they are 1 mm. or less. 
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, The descriptive terms applied to single minerala with reference 
I to the perfection of their crystal outlines are as follows: 

a. Euhedral, completely bounded by crystal faces. 

b. Subhedral, partly bounded by crystal faces, 

c. Anhedral, without crystal faces. "^ - ' ' 

B 

Various crystal habits are recorded as follows: 

a. Equant, equidimensional or nearly so. 

b. Tabular, in plates or tables. Two dimensions are 
relatively large as compared with the third dimension. 

c. Prismoid, when two dimensions are relatively small as 
compared with the third dimension. 

d. Irregular. 



The arrangement of tabular crystals in equigranular rocks 
is a. parallel, b. sub-parallel, c. diverse, lying in all directions, 
(p, radial, divergent, e. irregular. 

Of the common minerals quartz is very often anhedral, and 
either equant or irregular; feldspar may be tabular or prismoid; 
nephelite is usually euhedral and equant, or anhedral and ir- 
regular; leucite is generally subhedral and equant; mica is tabu- 
lar in many rocks, and the amphiboles and pyroxenes prismoid. 
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CHAPTER IX 

OUTLIHE OP THE QDANTITATIVE CLASSIFICATION OF IGNE- 
OUS ROCKS— EXAMPLES OF THE CALCULATION OF THE 
NORM— TABLES TO FACILITATE THE CALCULATION OF 
THE NORM 

The chemical analysis of a rock tells us its character with final 
definiteness. The student of rocks cannot afford to do without 
the body of chemical data which Washington has assembled in 
Professional Papers 14 and 28 of the U. S. Geological Survey. 
When the analysis of a rock is available the collections referred to 
are invaluable for purposes of comparison. The analyses are ar- 
ranged in accordance with the quantitative classification pro- 
posed by Cross, Iddinga, Pirsson and Washington in "The Quan- 
titative Classification of Igneous Rocks," The University of 
Chicago Press, 1903. A full account of the classification scheme 
may also be found in Iddings' "Igneous Rocks," Vol. I, John 
Wiley and Sons, New York, Tabular statements of the varieties 
of igneous rocks with the names proposed for them are given 
in the works cited above and on pages 54-59 in Professional 
Paper 14, 

The object of the present chapter is to indicate very briefly the 
nature of the quantitative classification, and to give an extended 
series of calculated analyses to aid the beginner in getting command 
of the formulated method of calculation — the necessary prelimi- 
nary to the placing of a rock where it belongs in the quantitative 
system. 

The calculation as made gives the percentage weights of what 

are called standard minerals, for the reason that with our present 

knowledge it is a matter of extreme difficulty to calculate 

the weights of the several varieties of the micas, amphiboles and 

149 ,-- I 
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pyroxenes. We cannot get the requisite data concerning their 
chemical composition by observation in rock sections, although in 
the case of nearly all the other rock-forming minerals we are able 
to do this. We are therefore forced to make our calculation in 
terms of the mineral molecules which make up such ferro-magne- 
sian minerals as the micas, amphiboles and pyroxenes. The term 
norm applies to the mineralogical composition of the rock as 
calculated in this way. The calculation of the mode is the cal- 
culation of the mineralogical composition as it actually exists in 
the rock. This can be done when in any way, as for instance by 
supplementary chemical analysis of single minerals, we know the 
actual composition of the minerals present in the rock. As a 
matter of fact a very large proportion of the standard minerals 
used in the calculation are those actually present in the rock. In 
other words the correspondence between the norm and the mode 
is in many cases very close. 

The standard minerals are arranged as on page 156 in two 
groups: I. salic, rich in silica and alumina; II. femic, rich in iron 
and magnesia. Sub-groups among these minerals are designated 
by the letters F and L, as will be understood from an inspection 
of the table of the standard minerals. 

The primary division of rocks in the quantitative system is into 
five classes dependent upon different ratios between the sahc and 
femic minerals as follows: 

I. Persalane, with the value of the ratio of the salic minerals 
as compared with the femic minerals > 7. 

II, Dosalane, value of Tj, - between 7 and 1.66| 

III. Salfemane, value of ^ — between 1.66f and .6 

IV. Dofemane, value of p - between .6 and .14| 

V. Perfemane, value of v,- - less than .14? 
J? em 
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About 95 per cent, of all igneous rocks fall into the first three 
classes. These classes are subdivided in exactly the same way so 




that the statement of the manner in which the subdivisions of 
class I are made illustrates the method of subdivision for classes II 
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and III as well. The subdivisions of classes IV and V are slightly 
different from those of the first three classes but when once the 
method of subdivision of classes I, II, and III is understood no 
difficulty will arise in using tabular statements of classes IV and 
V. In the several classes there are subclasses, and these are 
divided into orders, rangs, and sub-rangs, in the manner graph- 
ically shown in Fig. 59, which will serve to illustrate the sub- 
divisions in each of the first three classes. 

In class I Persalane the sub-class I Persalone is made on the 
ratio between the sum of quartz, the feldspars, and the lenads'Ic, 
ne., kp., sc, ss., taken together, and the sum of corundum and zir- 
con. The value of the ratio -^7- is greater than 7. ' In Sub-class 
Persalone there are nine orders. The first four orders mjirk de- 
scending amounts of quartz as compared with the feldspars. In 
order 5 the amount of quartz or of lenads divided bythe amount of 
feldspar is less than ^. The remaining four orders are set up by 
fixing limits having to do with increasing amounts of lenads as 
against decreasing amounts of feldspars. The ratios and their 
values are as follows; 

Order 1. h greater than 7 

, 



,ween 7. and 1.66| 
;ween 1.66f and .6 

in .6 and .14^ 

than .14^ 
;ween .141 and .6 
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7. p between .6 and 1.66| 

8. „ between 1.66| and 7 



The subdivision of each of the nine orders into five rangs is 
made on a comparison of the amount of alkalies in the salic min- 
erals with the amount of lime in the aalic minerals, n-^i > 

i.e., the amount of these oxides allotted to the salic minerals 
only, in the calculations to be considered later. The values for 
this ratio in each of the five rangs are the same as those used 
above in the first five orders. 

In each of the first three rangs of each order sub-rangs are made 
using the same numerical limits as in the case of the rangs. The 

comparisons are made between the alkalies, i^ — j-r, allotted to salic 
minerals, not the total amounts of these oxides, part of which 
are allotted to femic minerals as well. In the fourth rang of 
each order only three sub-rangs are made, on the same comparison 
of the alkalies. The limits for the values of the ratios are: 



Sub-rang 1-2, 



j. Q between 1.66| and .6 



In rang 5 of each of the nine orders no subdivision into sub- 
rangs is made. 

To every sub-rang, to every rang, to every order, to every sub- 
class a name with definite significance may be given. Thus " Als- 
bachose" stands for a rock in sub-rang 4 of rang 2 of order 3 of 
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sub-class I of class I, Using all the names, Alsbachose is a sub- 
rang of the rang Alsbachase, a division of the order Columbare, 
in the sub-class Persalone, of the class Persalane, Thus the 
application to a rock of the name Alsbachose in this precise usage 
carries with it a very exact chemical connotation. 

With the exception of their names all the divisions of classes 
II and III are like the divisions outlined above for class I. They 
are constituted with the same numerical limits, and the terms of 
comparison used in making the ratios are the same. 

EXAMPLES OF CALCULATION 

For practice in calculation the collection of analyses with their 
norms by Dr. H- S. Washington given in Professional Papers 14 
and 28 of the U. S. Geological Survey is invaluable. Of the 
calculated analyses which follow, all but two are taken from 
Professional Paper 14. By using the tables given at the end of 
this chapter, taken from the " Quantitative Classification of Igne- 
ous Rocks " ' the arithmetical work in calculating the norms is very 
greatly lessened. The first set of these tables, prepared by 
Professor J. F. Kemp and originally published in the School 
of Mines Quarterly,' gives the molecular numbers for the 
percentage figures of the several osddes recorded in rock 
analyses. The second set of tables gives the percentage 
weights for various proportions of molecules q( the standard 
rock-making minerals. The molecular numbers may be cal- 
culated by dividing the percentage figures for each oxide 
by the molecular weight of the oxide. Thus for 65.70 per 
cent, silica the molecular number is 1,095, the molecular 
weight of SiOs being 60. The molecular number for 15.40 per 
cent, soda is ,248, the molecular weight of NajO being 62. As a 
preliminary step in the calculation of an analysis the molecular 

' Croaa. Iddings, PirseaQ. and Wuhinston, Quantitative ClaniflaBtioD of Igneous 
Rocks (Chicaco: The Univeiaity of ChiFsgo Tieaa, 1903). pp. 23T-3S9. 

' J. F. Kemp. "Tbe RecalculsCion of the Chemical Aaalysea of Rockg," School o[ Minn 
Qusrterly, XXVII, 75-88. , 
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numbers for each oxide must be looked up in the tables 
Small amounts of MnO (.001 to ,005), and NiO are to be used as 
FeO; and in the same manner small amounts of BaO and SrO are 
to be added in with the CaO. If CriOj does not amount to .002 
it is to be added in with FejOj, For the calculation of a rock 
analysis we then start with the molecular proportions of the ten 
oxides SiOi, A1,0,, Fe,0), FeO, MgO, CaO, Na,0, KaO, TiOa, 
and PiOfi, which are contained in nearly every rock, and we may 
also have present ZrOi, SOi, CI, F, and COj, besides HiO; and, 
in smaller amounts, MnO and NiO to be summed in with FeO; 
BaO and SrO, to be added to CaO; and CriOi which is to be 
counted as FejO*. ZrOj, CriOi in amount more than .002, TiOa, 
PiOs, SOj, CI, COj, and F, when they are present, are first cal- 
culated as minor inflexible molecules. Their calculation as 
zircon, chromite, ilmenite, apatite, sodium chloride, sodium 
sulphate, . calcite, and fluorite presents no difficulty, for the 
method of procedure is always the same. The eight oxides 
SiOs, AliOi, FejO,, FeO, MgO, CaO, NajO, and KjO are of 
much greater importance in the calculation of the norm, for any 
one of these oxides in a given analysis is disposed of with regard 
to the relative quantities of the others. The difficulty in pre- 
senting to the student the method of procedure in its entirety 
lies in the fact that a rather long series of considerations is to 
be put before him at the very outset. The aim of the writer 
injthe present chapter is to develop little by little with the aid 
of examples and discussions the condensed, precise statement 
of, the. authors of the "Quantitative Classification of Igneous 
Rocks", pages 188-196. 

The simplest cases are those in which SiOj and AUOa are 
present in relatively large amounts so that they meet all claims 
upon them and are not exhausted. AljOa remaining over is cor- 
undum, and SiOi remaining over after all the allotments is 
quartz. With SiOs present in abundance AlaOj may meet all 
the claims of KjO, NajO, and CaO upon it; or it may satisfy KjO, 
NejO, and part of the CaO. Again it may satisfy only KjO and 
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part of the NajO; or, rarely, only part of the KaO. So the treat- 
ment varies. 

The norm minerals of the two groups, which figure in the calcu- 
lation, with the abbreviations for their names, and their formulas, 
are as follows. The table is intended to set forth the relative 
importance of their several r61es in the norm. I 

I. SALIC GROUP 
Dominantly Siliceous and Alumiaous i 

A. Quart! SiOi Q. 

Corundum A1,0. 

Orthoclase K,O.Ali^,.6SiO, 

Albite Na,O.Al,0,.6SiO, 

Anorthite CaO. Al,0,.2SiO, 

Leucite K,O.Al.O,.48iOi 

Nephelite N8^.AlsO,.2SiO, 

KaliophiUte K,O.AIi^,.2SiOi 

B. Minor inflexible molecules 
Sodium chloride. . .2NaCl 
Sodium sulphate, . .NajSO* 
Zircon ZrO,.8iOi 

Of the salic minerals kaliophilite is very rare, while sodium 
chloride, sodium sulphate, and zircon are much less rare but atill 

unusual. 

11. FEMIC GROUP 

A. Diopaide CaO.(MgFe)0.2SiO; 

Hypersthene (MgFc)O.SiOi 

Olivine 2{MgPe)O.SiOi 

Acmite NaiO.Fe!0,.4SiOB 

Sodium metasilicate. NajO-SiOi 

Potassium metasilicate KiO.SiOj 

Wollastonite CaO.SiO, 

Ackermanite 3Ca0.2SiOj 

B. Minor inflexibie molecules 
Magnetite . . , FciOi.FeO 
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Ilmenite FeO.TiO, il. 

Chromite FeO.CriO. cm. 

Hematite FeiOt hm. 

Titanite CaO.TiOi.SiO, tn. 

Perofskite CaO.TiO. pf. 

Rutile TiO, ru. 

Apatite SCaO.PiOs. ^'^- or 

3CaO.P,0,. ~^ ap, 

j Fluorite CaF, ft. 

! Calcite CaO.CO, cc. 

! Pyrite FeS, pr. 

Among the femic minerals diopside, hypersthene and olivine 
! appear very often in the norm, acmite and wollastonite are not 
j unusual, while ackermanite, potash raetasilicate, and sodium meta- 
alicate are rare. Among the minor inflexible mineral molecules 
, magnetite, ilmenite, and apatite commonly appear; hematite, 
titanite, perofskite, fluorite, and pyrite are not infrequently met 
[ with; and chromite, rutile, and calcite are rare. 

The minor inflexible molecules, with the exception of magnetite 
and hematite, will not be considered at the outset. They are not 
present in the first eight of the series of calculated analyses, but 
were they present they would'Claim attention in the first place. 
Their calculation is simple, but the form of presentation gains in 
clearness by bringing them in only after the main features of the 
calculation have been dealt with. The key to the disposal to be 
made of the important oxides SiO*, AljOg, FejOs, FeO, MgO, CaO, 
NasO, and KjO lies in the relative affinities of KjO, NajO, CaO, 
MgO, FeO, and FejO., for SiOs and AljOa. The point of prime 
importance is the amount of the two oxides SiOj and AljOi. In 
the simpler 9ases KiO, NaaO, and CaO are to be allotted to AljOj 
and SiOj in the right proportions for the formation of the feldspars. 
KjO has the strongest aflSnity for AljOj and SiOj, It therefore 
has the first claim, and, after it has taken its quota of these oxides, 
NajO, with the next strongest affinity for them, receives its 
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quota. Lastly CaO with an affinity less than the others is to be 
satisfied. The oxides MgO and FeO do not unite with both 
AI2O3 and SiOs at the same time in the normative minerals. 
They combine with SiOa alone to form hypersthene and olivine, 
or with CaO and SiOj to form diopside. 

In Analysis A the simplest possible case is given. , SiOj and 
AljOa are abundant, occurring in sufficient amounts to answer 
every claim of K2O, NajO, and CaO upon them. AljOj remain- 
ing over is corundum, and SiOi remaining over is quartz, TiOs 
and PiOs are not present, and no other elements occur which 
should be calculated as the minor inflexible mineral molecules. 
FoiOs, FeO, and MgO not being present, there is nothing to be 
allotted for femic minerals. In accordance with its formula 
KiO.AljOs.eSiOs, in the proportions 1 :1 : 6, fororthoclase, KjO, 53, 
takes 53 AlaOa and six times as much Sid. In the same way 
albite, NaiO.AlsO,.6SiOs, in the proportions 1:1:6, with NaiO, 
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60, takes 60 molecular units of Al,Oi and 6X60 of SiOj. An- 
orthite, CaO.Alj03.2Si03, in the proportions 1:1:2, is made with 
20 CaO, 20 AJ2O5, and 40 SiOj. Of AI,Oj, 3 molecular units are 
left for corundum. Of SiOj, 557 molecular units are left to form 
quartz. The percentage weights for the calculated minerals 
have been obtained from the second set of tables, pages 204- 
221, by looking up for orthoclase (or), the amount of KjO, 53; 
for albite (ab), the amount of NajO, 60; for anorthite (an), the 
amount of CaO, 20; for corundum (C), the amount of AUOa, 3, 
To get quartz we multiply the amount of SiOj left over for it, 
(557), by 60, the molecular weight of quartz. With abundant 
silica, then, with AljOj greater than KiO+NajO+CaO we make 
orthoclase, albite, anorthite, corundum with extra AljOs, and 
quartz with extra SiOj. 

The sum of the percentage figures of the analysis, HjO being 
I.Ol, is 101.12. The sum of the calculated minerals in the norm 
with H2O added in is 101.21, and for every calculated analysis 
these two should correspond as closely as 1 per cent, or 2 per 
cent. The correspondence cannot be numerically absolute, 
but it gives us a valuable check on the correctness of the 
calculation. 

In Analysis B we have the same condition, except that FeO 
and FcjOj are both present. After the allotment for the feldspars 
has been made, and AljOs remaining over has been given to corun- 
dum (C) , FeiOj and FeO in the proportion 1 : 1 are allotted to mag- 
netite (mt), and silica remaining over is quartz (Q). 

The calculation of Analysis C is like the preceding one in its 
allotments for orthoclase (or), albite (ab), anorthite (an), corun- 
dum (C), and magnetite (mt). Then there remain over, besides 
SiOi, 2 molecular units of MgO, and 15 of FeO. These are 
allotted to hypersthene (hy), (MgFe)O.SiOs, in the proportion 
(MgFe)O : SiOs as 1 : 1. MgO and FeO arc used in hypersthene in 
the ratio in which they happen to stand when this mineral comes 
to be made. Here the ratio is 2 : 15. In later analyses MgO and 
FeO will be introduced into the calculations in the minerals 
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diopside (di), and olivine (ol), as well as in hypersthene. When 
all three or any two of them are to be made MgO and FeO are to 
stand in all of them in the same proportion in which they were 
used in the first of these minerals calculated at the time. In 
Analysis C it will be noted that hypersthene is the sum of two 
parts, MgO.SiOs and FeO.SiOj, each of which is to be found 
separately. FeO.SiOs may be looked up in the table on page 
212. MgO.SiOs is equal to 100 times the amount of MgO. 
These findings are added together for hypersthene. 

In Analysis D after the allotment for magnetite (mt), 3 molec- 
ular units of FejOs are left over. These go in as hematite (hm). 
Then MgO, 4, and FeO, 0, are left over. They are used to make 
a hypersthene free from FeO. In like manner in other analyses 
hypersthene might be made of FeO.SiOj, the other component 
MgO.SiOs not being available. 
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\ 



In analysis E the allotments are made for orthoelase (or) 
albite (ab),anorthite (an), and magnetite (mt). CaO remaining 
is allotted, with MgO, FeO, and SiOs, to diopside (di), CaO.- 
(MgFe)0.2SiOs, the proportions of the constituents by the for- 
mula being 1:1:2. MgO and FeO together are equal to CaO, / 
and are used in the proportion in which they are found when the 
mineral comes to be made. Here the ratio ia 36 : 5, or nearly 7 : 1. 
The sihca is twice the hme. MgO and FeO remaining are 
used for hypersthene (hy), still in the same ratio 7 : 1 (see page 159, 
line 32). SiOj is allotted to hypersthene in amount equal to 
MgO+FeO. 

It is to be noted that we cannot have diopside and corundum . 
together in the norm. 

Analysis F presents the case where KjO is allotted with Al,Os 
and SiOs to orthoelase (or), and NajO is allotted to AUOg and 
SiOi for albite (ab). AI,Oi remaining, 9 units, can satisfy only 
9 units of CaO for anorthite (an). Then CaO remaining is al- 
lotted to diopside (di), as far as MgO and FeO are available. 
Of CaO 27 molecular units are still left. These take an equal 
amount of SiOj for wollastonite (wo), CaO.SiOj, 1:1. It is ' 
clear that since MgO and FeO were not present in sufficient 
amounts to make diopside with all the lime, there remain none 
of these constituents for hypersthene or olivine. So then with 
wollastonite there will be no hypersthene or olivine. 

We now come to Analysis G, in which with abundant SiOi, 
the AUOj covers KjO and partly covers Na»0. Orthoelase (or), 
is made, and albite (ab), as far as the AljOj admits of it. Soda, 
NajO, 5 units, left over, there being no AUOj available for it, 
takes FeaOa and SiOt for acmite (ac), NaiO.Fei03.4Si02, in the ^ 
proportions, 1:1:4. It is clear that with acmite there will be no i 
anorthite. After the allotment is made for magnetite (mt), the 
CaO takes MgO, FeO, and SiOs for diopside (di). The remaining 
MgO and FeO are used for hypersthene (hy), in the same pro- 
portion in which they stood for diopside. 
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Analysis H presents the case in which after making orthoclase 
(or), albite (ab), and acmite (ac), NhjO still remains over. This 
is allotted with SiOj to form sodium metasilicate (ns), NajO. 
SiOs, 1:1. It is rarely found necessary to introduce sodium 
metasilicate in this way. 

Case I presents the inflexible mineral molecules ilmenite, 
titanite, ^atite, and fluorite. Sodium metasilicate is introduced, 
and potassium metasilicate (ks), KiO.SiOt, as well — an ex- 
tremely rare occurrence. The minor inflexible molecules in the 
femic group are magnetite, chromite, hematite, ilmenite, titanite, 
perofskite, rutiie, apatite, fluorite, calcite, and pyrite. Magne- 
tite and hematite have been introduced in preceding analyses; 
chromite is made in Analysis S, perofskite in Analysis S, rutiie 
is considered in the present analysis, calcite appears in Analysis 
0, and pyrite in Analysis K. In the saHc group we have the 
minor inflexible molecules zircon, sodium chloride, and sodium 
sulphate. Zircon appears in Analysis M, and sodium chloride 
and sodium sulphate in Analysis 0. 

Following the order stated on page 188, sec. 3, in the "Quanti- 
tative Classification of Igneous Rocks," CrjOs not being present, 
we first allot FeO to TiOj for ilmenite (il), in the proportion 1 : 1. 
TiOj remaining over takes CaO and SiOs for titanite (tn), 
CaO.TiO2.SiO2, in the proportion 1.1:1.' We are working with 
an analysis in which the amount of SiOj is sufficient to meet all 
claims upon it. If silica were not abundant TiOj remaining over 
after the allotment for ilmenite would take CaO for perofskite 
(pf), CaO.TiOj, in the proportion 1:1. Such a case is ^ven in 
Analysis S. Here if TiOj after the allotments for ilmenite and 
titanite still remained over, it would be considered as rutiie (ru), 
TiOs. In the next place PaO^ takes 3^ times as many units of 
CaO as there are units of PaOf, and i as much F or CI, for apatite 

(ap), SCaO.PsOs-l-^^^- or 3Ca0.p206-|-"|^° in the ratio CaO: 

PsOs as 3i:l, and F or CI, to satisfy CaO, equal to iPgOa. 

_ 'See J. G., H.. 558. and p. lOl, this teit. 
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In the next place fluorine {F = 26), takes i as much CaO for | 
fluorite (ft), CaFj. After these minor inflexible molecules have ' 
been adjusted KiO is allotted for orthoclase with the available 
AljOa, 93, and SiOi, The KjO remaining over is allotted to 
potassium metasilicate (ks), KiO.SiOs, in the ratio 1:1. After 
all the KjO has been used NajO takes FeiOs, as far as FejOs is 
available {there being no AUOs left to unite with it), and SiOi, 
for acmite. NaiO still remaining over is sodium metasilicate. 
CaO remaining after the foregoing assignments takes MgO and 
FeO in the requisite amounts, and in the ratio in which they stand, 
8:0, f or diopside (di). MgO remaining, there beit^ no FeO, is 
allotted to hypersthene, and the SiO* which has not been used is i 
quartz. | 

All the analyses thus far presented, from A to I inclu^ve, 
have been those in which SiOj is abundant. The calculation of 
analyses in which SiOj is relatively low is usually more difficult. 
Orthoclase (or), KsO.AUOj.ftSiOi, requires more silica than 
leucjte (Ic), KiO.AliOs.4SiOi, and leucite requires more silica 
than kaliophilite (kp), K20.Al20B.2SiOj. In the same way 
albite (ab), NajO.AljOa.6SiOa requires more silica than | 
nephelite (ne), NajO-AljOj-ZSiO,. It should be noted that 
the ratio between KjO and AlsOj is always as 1 : 1 in orthoclase, 
leucite, and kaliophilite, and that the ratio between Na^O and 
AI2O3 is always 1 :1 in albite and nephelite. Hypersthene (hy), 
(MgFe)0.Si02, requires more silica than olivine (ol), 2{MgFe) 
O.SiOi, for the same amount of (MgFe)O. With low silica, 
therefore, a substitution is made of one or more minerals which 
require less sihca than the minerals employed in the straightfor- 
ward calculations thus far considered. 

Where silica is tow the simplest adjustment is that illustrated 
by Analysis J. Here the minor inflexible molecules, ilmenite , 
(il), and apatite (ap), are first calculated. In this analysis 
apatite cannot get its quota of CI or F, for these elements have 
not been determined. The molecular weight is, however, taken 
as 336, and the percentage weight of the mineral obtained by 

n,gN..(JNGOOglC 



QUANTITATIVE CLASSIFICATION OF IGNEOUS ROCKS 171 

multiplying the amount of PjOs by 336. The table on page 219 
for the percentage weights of apatite is based on a molecular 
weight of 336, F or CI having been available. A^Oi is present 
in sufficient amount to allow with silica for the formation of 
orthoclase (or), albite (ab), and anorthite (an). After the 
allotments for magnetite (mt), and diopside (di), there remain of 
MgO 67, and of FeO 20 units. The silica available at this point 
is 62. This is not enough to make hypersthene with the MgO 
and FeO, for which 87 molecular units of SiOt would be 
needed. If we should take the MgO and FeO with silica for 
olivine (ol), 2{MgFe}0.8iOi, in the proportion 2:1, then silica 
would be left over in amount equal to 18 units. The formulated 
method for calculating the norm does not admit of our making 
olivine at this point with {MgFe)0 and silica, and then calling 
the remaining silica quartz. This accords with the fact that 
quartz and olivine are very rarely found together in igneous 
rocks. What we do is to divide the MgO, FeO, and available 
silica between hypersthene and olivine, making use of two simple 
algebraic equations. 

Let x=tbe number of hypersthene molecules 
and y=the number of olivine molecules; 
then i+y=the number of units of (MgFe)O 
and i+„ = tbe number of units of SiOi, 

ora!+j(=87. 



B=50 = moleoules of olivine 

and a; =37 = molecules of hypersthene. 

MgO and FeO are to be introduced in hypersthene and in olivine 
in the same ratio in which they were used in diopside. The 
ratio in this ease is 20 : 67 or, nearly, 1 : 3J. 

It is to be noted in connection with the use of the tables that 
olivine is the sum of two parts, 2Mg0.8iOs and 2Fe0.8iOi!. We 
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look up the first of these on page 214 and use in looking it up one- 
half the amount of MgO units, i.e., - not 39.; and in the same 
way we look up one-half the amount of FeO units, or 5i, not 11, 
on page 216 and add our findings together for olivine. I 

Analysis K illustrates the same points as J, but in it pyrite is 
introduced, FeSj having been present in the rock. ! 

£— the number of hypersthene molecules I 

y ' the Dumber of olivine molecules 

i+y = 137 = {MgFe)0 . 

1=61, 3/ = 122, and i = 16. 

It is to be noted that with quartz we will not have olivine in i 
the norm and vice versa. 

By making some hypersthene and some olivine, therefore, we 
can allow for a small shortage of SiOj. If we attempt to calculate | 
Analysis L in the same manner it is found that after making 
orthoclase (or), albite (ab), anorthite (an), magnetite (mt), ' 
diopside (di), and olivine (ol), 219 more units of silica have been 
called for than are available. The silica deficit is too great to be 
treated as in the preceding example. 

In the tentative distribution albite (ab) calls for 6X125, or 
750, SiOs- Nephelite would use up only 250, or 2X125, SiOj. 
If we allot in the first place (holding out the soda, NajO, 125, 
and equal AljOa, 125} the proper amounts of the various oxides 
for orthoclase (or), anorthite (an), magnetite (mt), diopside (di), 
and olivine (ol), we shall have 531 units of SiOj left, to go with 
the 125 NaiO and 125 AljOa- What we do then is to make a 
certain amount of albite and a certain amount of nephelite. It 
is to be remembered that in any allotment of NajO and AUOa 
to albite (ab), NaiO.AljOs.eSiOj, and nephelite (ne), NajO.Alr 
03.2SiOj, the ratio of NaiO to AUOs will be as 1 : 1. Being silica 
poor we made olivine (ol), with (MgFe)O and not hypersthene. 
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1 .110 8iOt have been allotted at this poiJt. 
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The formulas for the distribution of NaiO, AliOi, and SiOj 
between albite and nephelite are as follows: 

Let I -the number of albite molecules 
Let y— the number of nephelite molecules 
then a!+|/ = Na,0=AI,0, 
and6i+2i/=SiOi 

*+j/ = 126 

6i+2v = 531 

2i +2^-260 

subtracting, 4i— 281 

X =70 molecules of albite 
y=56 molecules of nephelite. 

It 13 clear that with nephelite in the norm we shall not have 
quartz. 

Analysis M proceeds on the same lines aa L except that the 
minor inflexible molecule zircon (Z), is first introduced, taking 
ZrOj= SiOi in accordance with its formula ZrO».SiOi. 
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In N we have a case with SiOj still lower than in M. If we 
attempt to calculate it in the same way as L and M we find that 
we have run over on SiOi by 21 units, holding out NajO.AljOs, 
45, for albite and nephelite, and making the allotments for 
apatite, orthoclaee, anorthite, magnetite, diopside, and olivine. 
We have therefore no SiOj with which to make even nephelite 
with the 45 NajO.AUOj held out in the beginning. 
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There is not enough SiOa therefore to begin the calculation by 
making orthoclase. This case ia analogous to the situation in L 
and M where NaaO is distributed between albite and nephelite. 
We proceed by holding out all the KjO and equal AliOa for a 
certain amount of orthoclase, and a certain amount of leucite 
(KBO.Alj03.4Si02), which calls for lessBiOs than orthoclase does. 
These minerals will each use up K5O and AI2O3 in the ratio 1 : 1. 
The NajO is allotted with AI2O3 and SiOs to nephelite. This is 
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much lower in SiOt than albite is. Anorthite, magnetite, diop- 
3ide and olivine are then made. The SiOi remaining over is 
369. This is given to the KiO.AUOs, previously set aside, for 
orthoclase and leucite, by means of the equations where 



iber of molecules of orthoclaae 
iber of moleculea of leucite 



i-thenu 
and y— the du 

andftr+4y=8iO, 

Herei-t-y = 80 

6x+4y-3&9 

K = 24 

ai>d y = 56. 

With leucite and nephelite there will be no quartz nor will there 
be hypersthene. With leucite in the norm there will be no 
albite. 
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Analysis is like N, in which KjO goes partly to orthoclase and 
partly to leucite, but here we make the minor inflexible molecules 
ilmenite (il), fluorite (ft), sodium chloride (sc), sodium sulphate 
(ss), and calcite (cc), at the outset. Where CI occurs in notable 
amount with PjOs present it is first allotted to apatite (see 
Analysis I), and the remainder then takes half as many units 
of NajO for 2NaCl in sodium chloride. One-half the number of 
units of CI is the key. Where SOj is present it takes an equal 
amount of NajO for NasSO« in sodium sulphate. The number of 
units of SOj is the key, COa when present in a rock usually 
points to a weathered condition in the rock, the mineral then being 
present as an alteration product. Where COa occurs in a rock 
and is not a product of alteration, calcite is an original mineral 
constituent. In Analysis O we allot to 6 units of COj as many 
units of CaO for calcite (cc), CaO.COt, the ratio between CaO 
and CO* being 1:1. 

In the foregoing examples of calculation a shortage of SiOj 
was met by distributing NatO.AlaOa between albite and nephe- 
lite, after making orthoclase with KiO.AlaOs; or the shortage 
was provided against, after making nephelite, by distributing 
KiO.AljOj between orthoclase and leucite. With SiOi too low 
for either of these alternatives we may allot KiO.AUOj to 
leucite and NaiO.AUOj to nephelite, using up in this way a 
relatively small amount of SiOj. This is the procedure in Analysis 
P, where we make leucite, nephelite, anorthite, diopside, and oli- 
vine, only to find that we have run over by 74 units of SiOs. 
In making diopside we used 302 SiOa. If now we take CaO from 
diopside, turn the MgO and FeO thus set free into more olivine, 
and use the lime (with the requisite amount of SiOa) in ackerman- 
ite (am), 3CaO,2SiOj, which by its formula uses up less SiOj 
for the same amount of CaO than diopside does, we can do away 
with the SiOa deficit. When the ratios of CaO : SiOs in diopside, 
1 : 2 (or 2 : 4), and in ackermanite, 6 : 4, are considered, it at once 
appears that ackermanite (am), is the mineral lower in SiOj for 
the same amount of CaO. By taking 87 CaO from the diopside 
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and using with it 58 SiOj we make 29 molecules of ackermanite, 
i.e., 29 (3Ca0.2SiO^. By recalculating for new diopside and 
putting in the 29 molecules of ackermanite (am) (calling for 58 
SiOj with 87 CaO), we find that as the result there is no deficit of 
SiOi. To ascertain just the right amount of ackermanite to be 
introduced we make use of the simple formula where 



made. 

It appears on trial of all such cases that the deficiency in SiOa ia 
exactly allowed for when the number of ackermanite molecules 
made with CaO taken from diopside equals two-fifths of the SiOj 
deficit, and in consequence we take lime away from diopside 
equal to three times the number of ackermanite molecules. Nu- 
merically it is found that for every unit of CaO taken from diop- 
side and used in ackermanite we gain two-thirds of a unit in 
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silica, though the process involves the making of new olivine 
which itself uses up silica. So then to make up a deficit of 74 SiOs 
we need to take 87 CaO from diopside, 87 CaO+58 SiOj making 
29 molecules of ackermanite.. 

In P, therefore, we first allot for Umenite, leucite, nephelite, 
anorthite, and magnetite. Then, for ackermanite,* 87 CaO units 
are taken from diopside previously made, and used with 58 SiOi 
for ackermanite in accordance with the formula 3Ca0.2SiOj. 
In looking up the precentage weight of ackermanite (am), in the 
table on page 217 the unit of calculation is 29, not' 87; i.e., it is 
one-third the molecular proportion of CaO in the ackermanite. 
The 64 units of CaO left over from the original diopside assign- 
ment are allotted for new diopside, and the MgO and FeO thus 
set free go to olivine. 

It should be noted that in this analysis after making diopside 
there is no excess of CaO to be set aside for the making of wollas- 
tonite (cf. Analysis F). In the following example (Q), 95 molecu- 
lar units of CaO are left over after the making of diopside 
for wotlastonite. 

The calculation of Analysis Q differs from that of the preceding 
example, as was noted just above, in that CaO in the tentative 
allotment is found to cover the MgO and FeO for diopside and to 
remain over after this in amount equal to 95 units. These are 
given to woUastonite (wo), CaO.SiOs. The silica deficit is 78. 
By turning 93 of the 95 CaO of the woUastonite into ackermanite 
(making in such a case 31 molecules of ackermanite calling for 
93 CaO and 62 SiOi), we can do away with a deficit of silica equal 
to 33, If then our silica deficit were not 78 as it is in this analysis 
but only 33 or less, enough CaO set aside for woUastonite could 
be converted into ackermanite in this manner to do away with the 
alica deficit. The formula used is, where y — the silica deficit, 
y=as well the number of ackermanite molecules to be made. 
This alternative is not open to us in this analysis but it is clear 
how such calculations are to be treated when they arise. In this 
ease, with insufficient molecules of woUastonite to satisfy the 
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deficit of SiOi by their conversion into ackermanite, the mole- 
cules of both diopaide and woUastonite are to be recalculated 
to make new diopeide, new olivine, and ackermanite by the 
following equations. 

Let X —the molecules of new diopside 
)/ = the molecules of ackermanite 
z = the molec ulea of new olivine. 
Then 2i+2!/+| = the available SiO, 
x+3y =the available CaO 
i+2-the available (MgFe)O. 

In this calculation the available SiOi is 309, the CaO 241, and the 
(MgFe)0, 146. 

Therefore (1) 2i+2i/+2=309 
(2) x+3y =241 
and (3) x+z -146. 

Prom (2), multiplyiog by 2, . 

2x+6y = iS2; \ 

(1) 2i+2y+2-309; I 

subtracting, 4y — „ = 173 j 

orl2sf-liz-519. 
Again {2)i+3jf=241 | 

(3)*+ * = 146; 
eubtracting. 3y— z=96 i 

12i(^liz-519 

12tf-4 z-380 i 

y=5Q, ackermauite 
a;=SO, new diopaide 
a = 56, new ohvine. 

With silica still lower than in Analysis Q we make such a calcu- 
lation as is given in Analysis R, Here, after the assignment for 
ilmenite, the KiO, 79 units, is held out with equal AljOi,Na20. 
takes AhOs as far as it is available (17), and SiOj for nephelite. 
Extra NaaO, 9, takes FejOa and SiOj for acmite. FejOi remain- 
ing takes equal FeO for magnetite. All the CaO, 296 units, is 
calculated as ackermanite, and MgO and FeO remaining over 
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take SiOi for olivine. Silica is left equal to 229 units. This is 

distributed with the 79 KjO.AUOj held out (ante), between 

leucite and kaliophilite (kp), K20.AljO!.2SiOj. The equations are 

x+ v-K,0 

4i;+2y=SiO, 

where X = the number of molecules of leucite 

and ir = the number of molecules of kaliophilite. 

(1) x+ {^=79, K,0 

(2) 4i+2y=229, 810,. 
From (1) 2i+2v = 158' 

2i=71 

X =35, leucite molecules 
J/ — 44, kaliophilite molecules. 
Kaliophilite takes only half as much silica to go with a like 
amount of KjO.AljOs as leucite would take, and ordy a third as 
much as orthoclase. To calculate the percentage weight of 
kaliophilite we .multiply its molecular number by its molecular 
weight, 316. 
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It will be noted that the aeries of analyses from J to R inclusive 
illustrates a series of alternative methods for dealing with low 
SiOj. A slight deficit may be adjusted between hypersthene 
and olivine. By this device we can do away with a silica deficit 
equal to one-half (MgFe)O, A larger deficit may be provided 
against by making albite with nephelite after having made 
orthoclase, under the conditions given above. This saving of 
silica amounts to a little less than four times the Na^O. A still 
larger deficiency in SiOj may be provided for by allotting for 
orthoclase and leucite after making nephelite. Our making 
nephelite first in this case saves us an amount of SiOa equal to 
four times the units of NasO, and the subsequent distribution 
saves a little less than two times the amount of KjO. With 
silica still lower it is necessary after making leucite and nephelite, 
thus saving two times the units of KjO plus four times the Na^O, 
to bring in ackermanite, a device which then saves two-thirds 
of a unit of SiOs for every unit of CaO taken from diopside for 
ackermanite, or one silica on every three converted from wollas- 
tonite into ackermanite. With silica tower still it is necessary 
to expend as little of it as possible, making nephelite and acker- 
manite and distributing the silica then remaining between 
leucite and kaliophilite. 

In Analysis S which is calculated like Analysis P, the first of 
the minor inflexible molecules to be made is chromite (cm), 
FeO.CrsOs, the ratio between FeO and CrjOj being as 1:1. 
After ilmenite, which follows, we make perofskite (pf), CaO.TiOa, 
with- CaO :TiOi, as 1:1. If silica had been present in abundance 
we should have made titanite instead of perofskite. (Cf. Anal- 
ysis I.) 

With the lowest known ranges of SiOj, in rocks in which alumi- 
nous spinel may form, AUOa and (MgFe)O being in excess, AlaOj 
left over after making the feldspars, nephelite, or leucite, is 
corundum. MgO and FeO uncombined after their allotment to 
such minerals as magnetite and ilmenite may have to be entered 
with the femic minerals simply as MgO and FeO. Their per- 
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centage weights are determined by multiplying them by the 
molecular weights of MgO and FeO. Such a case is illustrated 
in Analysis T. 
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The student may now find the following summary of the 
present chapter useful, A slate may be permanently ruled with 
a knife for purposes of calculation, and the summary together 
with the formulse needed for the various operations may be 
scratched upon it. 

(A). The following fixed minor molecules are provided for 
by the allotment of 

(1), CrsOs to cm: (2), TiOj to il: (3), PjOs to ap: (4), CI to 
sc: (5), SOs to ss: (6), S to pr: (7) COj to cc: (8), ZrOi to Z. 

(B). With abundant silica, SiOj, the succeeding allotments 
are as follows : 
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(9), KsO to or; and then, (10), to ks; 
(11), NatO to ab; (12), to ac; (13), to ns; 
(14), CaO to an; 
(15), TiOstotn;(16) toru; 
(17), AljOjtoC; 
(18), FeaOa to mt; (19), to hm; 
(20), CaO to di; (21), to wo; 
(22), FeO and MgO to hy; 
(23), SiOi to Q. 

(C). With insufEcient silica the deficit is made good by the 
foUowii^ changes in the above straightforward calculations. 
(a), pf replaces tn; 

(b), o! replaces hy, aa far as may be necessary, in part or 
wholly, (see Anal. J.) ; 

(c), ne replaces ab, as far as may be necessary, in part or 
wholly, (see Anal. L) ; 

(d), Ic replaces or, as far as may be necessary, in part or 
wholly, (see Anal. N) ; 

(e), CaO in wo is turned into am; 

(f), sufficient CaO is taken from di and turned into am; 
MgO and FeO set free are calculated as olivine (Analysis P) ; 

(g), all the CaO, (MgFe)O and available SiOs are recalcu- 
lated as new di, am and ol, (see Anal. Q); 

(h), kp replaces Ic, in part or wholly, after am and ol have 
been made with CaO, MgO and FeO (Analysis R) ; 

(i), with silica still insufficient, excess of AljOj is C, and 
uncombined (MgFe)O is regarded as femic minerals, as in 
Anal. T. 

In the calculation of any given analysis many of the above 
allotments are not called for, but it is important to note that 
the procedure is invariably in accordance with the above 
numbering, step by step. 

The student in calculating the analyses given in Professional 
Paper 14 should not expect to agree exactly in all cases with the 
calculated norms. Where additions as those of small amounts 
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of BaO and SrO to CaO have not been made, slight discrepancies 
may result all along the line. Numerically the allotment to 
such minerals as diopside, hyperathene and olivine may vary by 
a single unit one way or the other in MgO and FeO. In P. P. 14 
ackermanite is calculated as 4Ca0.3SiOi instead of 3Ca0.2SiOi. 
The application of the methods of calculation given in the "Quanti- 
tative Classification of Igneous Rocks'" should however be precise, 
the end in view being the correct placing of a given rock where it 
belongs in the scheme of classification. The method of calculat- 
ing the norm is necessarily arbitrary in order that concordant 
results may be obtained by all who make use of it. It should be 
borne in mind, however, that it agrees with the great body of our 
observations on the occurrence of minerals in the igneous rocks. 
The work of calculation has therefore a peculiar value for the 
student, aside from his needs in classifying rocks, for it directs 
his thought toward the relations obtaining among the phenom- 
ena in cooling rock magmas. It brii^s home to him why it is 
that we do not have such an occurrence as that of quartz and 
nephelite together. It points out to him, for instance, the sig- 
nificance of the presence in a rock of such minerals as corundum, 
acmite, or perofskite rather than titanite, and it does much to 
make clear to his mind the significance of each of the mineral 
molecules occurring in the igneous rocks. 

if Geolocr, XX., 
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SILICA, SiOi. MOLECULAR WEIGHT, 60 
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ALUMINA, AUO,. MOLECULAR WEIGHT, 102 
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Magnesia, MgO. Molecular Weight, 40 
Divide Percentage Weight by 40 

LIME, CaO. MOLECULAR WEIGHT, 56 
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CARBONIC ACID, COs. MOLECULAR WEIGHT, 44 
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MANGANOUS OXIDE, MnO. MOLECULAR WEIGHT, 71 
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PERCEIfTAGE WEIGHTS FOR VARIOUS PROPORTIOHS OF 
MOLECULES OF THE STANDARD ROCK- 
MAKING MINERALS 
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33.36 33.92 34,47'35.0335.58|36.14l3«.70 37,25 37.81j38, 
38.92 39.48 40,03 40.59 41.14 41.70'42.2G;42.8143.37!43, 
44.48 45.04 45.59j46,15 4a.7o!47,26;47.82 48.37'48.93 49, 
50.04 50.60 51-15 51.71 52,26J53,83 53. 38'53. 93 54.49 55.04 

55, 60 56. 16 56-71 57. 27 57. 82!58.38;58. 94:59, 49 60. 0560. 60 
61-16 61.72 62.27,62.83 63.38,63.94 64.50 66,05 66 
66-72 67-28 67.83 68.3968,94169.50 70.00 70.6171.17,71.72 
72,28:72.84)73.39 73.95i74.50 75.06 75.62 76.17 76.73,77.28 
77.84178.40:78.95 79.5180.06 80.62 81.18 81.73 82.29 82,84 

83-40 83.96 84.51185,07 85,62 86.18 86.74 87.39 87.85' 
88,96|89.52'90.07|90.63 91. 18191.74 92. 30J92. 85 93. 41 93,96 
94-52 95.08196, 63196. 19,96. 74 97. 30|97. 85 98. 4l|98. 97 99. 62 

100. 08J i 1 j... 



16.12 .02 
21.68 ,03 
27,24 .04 
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ALBITE, NaiO.AUO,.6SiO,. MOLECULAR WEIGHT, 524 



Mol. 


.000 


,001 


.002 


.003 


.004 


.005 


.006 


.007 


.008 


.009 


Mol. 


.00 


.00 


.52 1-05 1,57 


2.10; 2.62 


3.14 


3.67 


4.19 


4.72 


.00 


,01 


6,24 


6.76 6,29 6,81 


7.34; 7.86 


8.38 


8.91 


9.43 


9.06 


.01 


.02 


10.48 


11-00 11,53 12-05 


12,68 


13.10 


13.62 


14.15 


14.67 


15.20 


.02 


.03 


15,72 


1ft, 24'16, 7717.29 


17.82 


18.34 


18.86 


19.39 


19.91 


20.44 


,03 


.04 


20,96 


21. 48122.01 


22.63 


23.06 


23.68 


24.10 


24.63 


25.15 


25.68 


.04 


.05 


26.20 


26.72 27,25 


27.77 


28.30 


28.82 


29.34 


29.87 


30.39 


30.92 


.05 


,06 


31.44 


31,96 32,49 


33.01 


33,54|34,06 


34.58 


35.11 


35.63 


36.15 


.06 


,07 


36.68 


37.20I37-73 


38.25 


38.77 


39.30 


39,82 


40,35 


40-87 


41-39 


.07 


-08 


41,92 


42,44 42.97 


43.49 


44.01 


44.54 


45.06 


45-59 


46.11 


46.63 


.08 


.09 


47.16 


47,68.48,21 


48.73 


49.25 


49.78 


50.30 


50.83 


51,35 


51-87 


.09 


.10 


52.40 


52,92153,45 


53.97 


54.49 


55.02 


55.54 


56.07 


56.59 


57.11 


.10 


,11 


57.64 


58,16'58,69 


59.21 


59.73 


60.26 


60.78 


61.31 


61.83 


62.35 


.11 


,12 


62,88 


63 40,63,93 


64.46 


64.97 


65-50 


66-02 


66.55 


67,07 


67.59 


,12 


.13 


68,12 


68.64'a9.I7 


69.69 


70.21 


70.74 


71.26 


71.79 


72,31 


72.831 .13 


.14 


73,36 


73,88,74.41 


74.93 


75.45 


75 98 


76.50 


77.03 


77,55 


78.07 .14 


.15 


78,60 


79. 12,79.65 


80.17 


80.70 


81.22 


81-72 


82-28 


82.7983.32 


.15 


.16 


83,84 


84.3684.89 


85.41 


85-94 


86-46 86.98 


87.51 


88.03 88.66 


.16 


.17 


89.08 


89.60 90.13 


90.6591-18 


91.70 92.22 


92.75:93.27 


93,80 


.17 


.18 94,32 


94.84,95.37 


95.89 96.42 


96.94 97.46 


97.99 98.51 


99.04 


.18 


,19 flfi.^fi 


100.08 






- 1 , 






.19 










1 
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ANORTHITE, CaO.AUOj.2SiO,. MOLECULAR WEIGHT, 

278 



Mol. .000 .001 .002 



.004 ,.005 .006 1.007 .C 



.19 



2.78 


3.06 


.1 34 


5.56 


5.8^ 


6,12 


8.34I 8.62 


H.9f 


11.1211,40 


11,68 


13.90 14.18 


14.46 


16.68 16.96 


17. 2^ 


19.46 19-7^ 


20.02 


22.24122-52 


22. SI 


25,02 


25.30 


25.58 



3 1.11 1.39 
1 3.89 4.17 
9 6,67 6.95 
7 9,45 9.73 
512.2312.51 



1,67 

4.45 
7.23 
10.01 

12.79 

14.73 15.01 15.2915.57 
I17.51 17.7918,07 18.35 
20.2920.5720,8521,13 
23.0723.35 23.63 23.91 
25.85 26.13 26.41 



1.95 '. 
4.73 ; 

7.61 ; 

10,29 1( 
13,071: 

15.8511 
18.631) 
21,412 
24.19 2' 
26.97 



27.24 2' 



27. 80I28. 08 28. 36 28. 63 28, 91:29. 19 29. 47 29. 75 30. 02 30. 30 
;8J30. 86 31. 14 31, 41 31. 69|31. 97 32. 25 32. 53 32. 80 33. 08 
[6'33.64 33.92'34.19 34.47 34.75 35.03 35.3135.58i35.86 
4:36. 42 36. 70 36. 97 37. 25 37. 53!37. 81 38.0938.36 38,64 
12 39.20 39.48 39.75 40,03:40.31:40.59 40.87 41.14 41.42 



41,7041,98 42,26 

■i4-48 44.76 45.04 
47,26 47,54 47 
50,04 50.32 50.60 



42.53 42.81 43. 09'43, 37 
45.31 45.5945.87 46.15 
48.09.48.37 48.65 48 
50.87 51.15 51.43 51.71 



43.65 4; 
46.43 46.70 41 

49.2149.48 4! 



52.82 53.10 53.38 53.65:53.93 54,2154.49 



44.20 
46.98 

49.76 
52.54 

54.77 55.04155.32 



19 



55.88 56.16 56.43 56.7156.99 57.27 57,55 57.82 58.10 .20 

58. 38,58. 66 58. 94 59. 21, 59. 49 59. 77 60. OS'eO. 33 60. 6060. 88 .21 

6!61.44|61.72 61.99 62.27 62.55 62.83!63.ll63.38j63.66 .22 

; 63. 94'64. 2264, 50'64. 7765, 0565-3365. 6165. 8966. 1666.44 .23 , 

.24 i66. 7267. 00l67. 2867. 5567. 8368. ll'68-3968. 67 68,94169,22! .24 
i I I i I . I 1 I I I 
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NEPHELITE, Na,O.AU0..2SiO,. MOLECULAR WEIGHT, 
284 



Mol. 


.000 


.001 


-002 


.003 


.004 


.005 


006 


.007 


.008 


.009 


Moi. 


.00 


.00 .281 .67 


.85 


1.14 


1.42 


1.70 


1.99 


2.27 


2.56 


.00 




01 


2.84 3,12. 3.41 


3.69 


3,98 


4,26 


4,54 


4-83 


5,11 


5.40 


.01 




02 


6.68 6,94 6.25 


6.53 


6.82' 7.10 


7-38 


7,67 


7,95 


8,24 


,02 




03 


8.52' 8.80, 9.09 


9.37 


9.66; 9.94 


10.22 


10.5l!l0-79 


11.08 


-03 




04 


11.3611.6411.93 


12.21 


12.50 


12.78 


13.06 


13 35 


13.63 


13.92 


-04 




05 


14.20;14,48|14.77 


15.05 


15,34 


15,62 


15,90 


16,19 


16.47 


16.76 


.05 




06 . 17.04,17. 32117.61 


17,89 


18.18 


18.46 


18,74 


19.03 


19-31 


19-60 


-06 




07 


19.88120, 16120.45 


20.73 


21,02 


21.30 


21.58 


21.87 


22.16 


22-44 


-07 




08 


22.72|23.00|23.28 


23,67 


23,86 


24.14 


24.42 


24.71 


24.99 


25-28 


,08 




09 


25.56 


25-84126.13 


26.41 


26.70 


26.98 


27.26 


27.55 


27.83 


28.12 


-09 




10 


28.40 


28.68 28.97 


29.25 


29.54 


29,82 


30,10 


30,39 


30,67 


30,96 


.10 




11 


31.24 


31.52 31.81 


32.09 


32.38 


32.66 


32,94 


33,23 


33,51 


33.80 


.11 




12 [34.08 


34.36 34.65 


34.93 


35,22 


35.60 


35.78 


36.07j38.36 


36,64 


,12 




13 36.92 


37,20 37.49l37.77!38.O6l38.34l38.62 


38.91:39.19 


39,48 


,13 




14 .39.76 


40.04:40.33,40.6140.90 41.18 41.46 41.75 41.93 


42.32 


.14 




! 1 . ■ 

15 ;42,S0 42.88 43.17143.45 43,74 44.02 44, 30144, 5644. 87 


45.16 


-15 




16 l45',44|45.72:46-0r46-29'46.58 40.86147.14 47.4347.71 


48-00 


-16 




17 


4*.2a 48. 56:48.85 49, 13 49. 42,49. 70 49. 98 50. 27.50. 56 


50.84 


.17 




18 


51, 12'51.40l51. 69.51. 97i52.26j52. 64152. 82'53. 1153. 39 


53.68 


.18 




19 


53. 96 54, 24 54. 53;54. 8155. 10 55. 38'55. 66 55, 9556, 23 56-52 


.19 
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LEUCITE, KjO.AUOi.4SiOs. MOLECULAR WEIGHT, 436 



Mol. 


,000 ,001 ,002 ,003 ,0041 ,006 


.006 


.007 


.008 


.009 


Mol. 


.00 


.00 ,44 ,87i 1,31 1,74, 2,18 


2,62 3,05 


3-49 


3,92 


.00 


.01 


4.36! 4.801 5-23; 5.67| 6,lo| 6,5^ 


6.98 7.4] 


7.85 


8,2i 


.01 


.02 


8,72 


9,16 9. 59 10, 03,10. 4610. 9C 


11.3411.71 


12.2l|l2.64 


.02 


.03 


13, Of 


13,52 13, 9514, 39,14, 82!l5, 26 


15. 7016. 1316, 5717, 0( 


.03 


.04 


17-44 


17,8818.31 18,75il9.18 19,62 


20.06 20.49,20.93,21.36 


.04 


.05 


21. 80J22. 24.22.67 23. 11 23-64 23, 98 


24.42 24.85!25,29 


25.72 


.0.5 


.06 


26 . 16 26 , 60|27 , 03 27 , 47 27 .90 28 , 34 


28. 7t 


29.2129,65 


30.05 


,06 


.07 


30,f>2 


30,96|31,39 31,83 32,2632,7( 


33 1-i 


33 57134,01 


34, 4^ 


,07 


.08 


34. 8f 


36,32 35, 75 36, 19 36, 62137, Of 


37, 5C 


37,93 38,37 


38, 8( 


,08 


.09 


39,24 


39,68,40,1140,55 40.98 


41.42 


41,86 


42,29 42,73 


43,16 


.09 


.10 


43,60 


M,04J44,47 44.91 45 34 


45 78 


46.22 


46.65 47,09 


47.52 


.10 


.11 


47,96 


48, 40|48, 83,49. 27,49. 7C 


50.1^ 


50,. ^iJ^ 


61,0lj51,45 


51, 8f 


.n 


,12 


52,32 


52,76!53, 19,53,63 54. « 


54. 5( 


54,94 


55,37'55,8I 


56,24 


,12 


,13 


56, 6i 


57, 12157, 55I57, 99 58.42 


68,86 


69, 3f 


59,73 60,17 


60, 6( 


IS 


.14 


61,04 61. 4861. 91,62. 35 62, 78'63, 22163, 66 


64,09 64,53 

1 


64.96 


.14 



SODIUM CHLORIDE, Na,Cl,. 
117 



MOLECULAR WEIGHT, 



Mol. 


.000 ,001 


,002 


,003 


,004 .005 
i 


,006 


.007 


,008 


.009 


Mol. 


.00 


.00 ,12 


; i 

,23| ,35| .47 


.59 


.70 


1 
.82 ,94 


1,05 


.00 


.01 


1.17 l,2t 


I,4( 


1,62 1,64 


1 7f 


1,87 


l,9f 


2 11 


2,22 


.01 


.02 


2.34! 2,« 


2.57 


2,69 2,81 


2.9; 


3.04 


a. If 


3 28 


3 39 


.02 


.03 


3.51 3.6E 


3.74 


3,86l 3,9* 


4,10: 4.21 4,3; 


4.45 


4 6f 


,03 


.04 


4.68 4.80 


4.91 


5.03 6,15 


6,27 5,38! 5,50 


5.62 5,73 


.04 
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SODIUM SULPHATE, NajSO,. MOLECULAR WEIGHT, 142 



.005 ,006 -007 



.008 .009 Mol. 



1.56 1.701 1.85 1,99| 2.13i I 

2.98 3.12' 3.2?! 3,4l! 3.55! : 

.' 4,401 4.64i 4,69i 4.83, 4.9?! . 



!■ 1,14! i.28i 

I 2.56 2.70 

1 3.98, 4.12 

i, 5.40 5.54 

' 6.82 6.96 



CORUNDUM, AltO,. MOLECULA R WEIGHT, 102 
Mol. .000 ,001 .002 .003 .004 .005 .006 ,007 ,008 .009 Mol. 



2.04 2.14 
16 3 16 
4.08 4.18 



1.22 1.33 1 
2.24 2.35 ; 
3.26 3.37 ; 



1.53 1. 

2.55 2. 
3.57 3.67 



' 4.49 ' 



5,10; 5.20 5.30, 5.41 5.51 5,61 

6.12' 6.22 6.32; 6.43 6.53 6.63 

7.14J 7.24 7,341 7.45' 7.55 7.65 

8.16 8,26| 8-36 8,47| 8,57* 8,67 

9.18 9,281 9.38 9.49 9,59' ! 



,71 .82 

1.73 1.84 : 

2.75 2.86 : 

3,77 3,88l ; 

4,79 4.90' 5.00 



5.81 5.92 


6,02 


6.83 6,9^ 


7.04 


7.85i 7.96 


8.06 


8.87 8.9S 


9.08 


9.8910.00 


10.10 



ZIRCON, ZrOj.SiOt. 


MOLECULAR WEIGHT, 183 




Mol. 


.000 


.001 


.002 


.003 


.004 


.006 


.006 


.007 


.008 


.009 


Mol. 


.00 


.00 


..s 


.37 


.» 


.™ 


.91 


1.10 


1.28 1.46: 1.65 


,00 


-01 


1-8? 


2-01 


2,2C 


2,.V 


2.5f 


2 75 


2,9? 


3.11 3.291 3.4f 


-01 


.02 


3.6f 


■i.fi4 


4,03j 4.21 


4-3f 


4,5^ 


4.76 


4-94 5,12 5,31 


,02 


.03 


5.41 


5.6; 


5.86' 6.m 


6.22 


6.41 


6,5i; 


6,77 6.95 7.14 


.03 


.04 


7-32 


7.50 


7.78 7.87 


8.061 8.24 

1 


8.42 


8.60 8.78 8.97 


.04 
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CALCIUM METASILICATE (WOLLASTONITE), CaO.SiO,. 
MOLECULAR WEIGHT, 116 



Mol. 


.000 


: i 1 { ' 1 ! 

.001 -002 .003: ,004! ,006 ,006. 007 .008 


.009 


Mol, 


.00 


.00 


.. 


1 
.231 .35: .46 


1 
.58! -70 


.81 


.93 1.04 


-00 


.01 


i.ie; 1.28 


1.39 1.5li 1-63 


1-74 


1.86 


1.97 


2.09 2.20 


-01 


.02 


2.32 2.44 


2.55 2.67 


2.78 


2.90 


3,02 


3-13 


3,25! 3.38 


-02 


.03 


3,48 3.60 


3,71, 3'. 83 


3.94 


4.06 


4.18 


4.29 


4.4li 4.52 


.03 


.04 


4.64 4.76 


4,87: 4,99 


6,10 


6-22 


5.34 


5.45 


5.57i 5.68 


.04 


.05 


5.80J 5.02 


6.03 6.15 


6-26 


6-38 


6.50 


6.61 


6,73 6-84 


-05 


.06 


6. 96' 7.08 


7.19 


7-31 


7.42 


7,54 


7,66! 7-77 


7,89 8.00 


-06 


.07 


8.12: 8.24 


8.35 


8, 47' 8.58 


8.70 


8'. 82: 8.93 


9.05 9.16 


.07 


.08 


9.281 9.40 


9.51 


9-63 9.74; 9.86 


9,98 10,09 


10.21,10.32 


.08 


.09 


10.44 


10.66 


10,67 


10,7910,9O!ll.O2 


11.1411.25 


11.37,11.48 


.09 


.10 


11.60 


11.72 


11.83 


1 
11.9512.0612.18 


12,3012.41 


12.6313.64 


,10 


.11 


12.76 


12.88 


12.99 


13-1113 22 13.34 13. 46|l3. 57 


13,691 13 80 


,11 


.12 


13.92 


14,04 


14.15 


14,27|14.38 


14.6014.62 14.73 


U,85|14.96 


.12 


.13 


15.0815,20 


15-31 


16,43:16,54 


16.66:i5.78ll5.89 


16.0116.12 


.13 


.14 


16.24jl6,36 


16,47 


16-5916-70 


16.82 16.93il7.08 


17.1?17.2S 


.14 


.15 


17,4017.52 


17-63 


17.7517.86 


17.98 18. 10; 18. 21 


18,3318.44 


.15 


.16 


18.5618.68 


18.79 


18.91il9.02 


19.14 19.26 19.37 


19,4919,60 


.16 


.17 


19.72!l9.84 


19.95 


20. O7;20. 18 20. 30 20. 4220, 53 


20-65 20,76 


.17 


.18 


20. 88121, 00 


21-11 


21,23 21 -34 21. 46|21, 58,21. 69 


21.8121.92 


.18 


.19 


22.04!22,16 


22-27 


22 , 39 22 , 5022 , 62'22 . 74^22 . 85 

! ^ 1 1 


22.97 23.08 


.19 
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CALCIUM METASILICATE (WOLLASTONITE) , CaO.SiOa. 
MOLECULAR WEIGHT, lU--(C<mtinmd) 



Moi. j .000 I .001 



.004 .005 .006 .007 .008 1 .009 Moi. 



,20 23.20 23.3223.43;23.SS!23.66 23.78]23.90 



.21 24. 3624, 4824. 69124. 71;24, 82 
.22 25. 5225.6426. 7525. 87|25. 
.23 26.6826.8026.91.27.0327.14 
.24 '27.8427.96 28. 0728. 1928. 302S 

.26 129.00 29, 12129.23 29.35:29.46 2! 
.26 30.16,30.28130,39 30 51130.63 3( 

.27 31.32:31.44^1.55 31.67 31.78 31 
.28 ;32.48'32.60|32.7132.83 32.94 3; 
4133.76 33.87 33. 99!34. 10 3^ 



24.9425.06 
26.10'26.22 
27,26 27 
.42 28.54 



24.01 
25.17 

26,33 

27.49 

^65 



2 32.13 

8 33.29 
4 34.45 



24.13:24.24 

25,29126,40 
26,45i26.66 
27.6l|27.72 
28.77 28.^ 

129.93,30.04 

7 31.0931.30 

-32.2532.36 

33.4l!33.52 

34. 57134. e 



t 34, 8034. 9235. 0335. 1536. 26i35. 3835. 5035. 61 36. 73;35. 84 
« 36. 08 36. 19 36, 31 36. 42:36, 54'36. 66 36. 77 36, 89,37. 00 
; 37. 12,37. 24 37. 35 37. 47 37. 5837. 70 37. 82:37. 93 38. 05|31 
74|38.86j38.78|39.09 39.2ll3! 
>-44 39, 56 39, 67 39. 79 39-90 40. 02140.14,40.25 40. 37|4I 



Oj40. 72 40.83 
. 41.76 41.88 41 

42.g2J4S.04 43.15 
, 44.08j44,20'44.31 

■ 45.24 45,36145,47 



40. 95 41 . 06 41 , 18 41 . 30 41 ,4141. 53 41 . 64 
42. 11 42. 22 42, 34'42, 46 42, 67 42. 69 42. S 
43. 27 43. 38 43. 50'43. 62,43. 7343. 85 43. 96 .37 
44.43 44. 5444. 66'44. 78,44. 89 45.01.45.12 .38 
45.59 45.70:45.82'45.93 46.05;46.I7|46.28| .39 
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Magnesium Metastlicate MgO.SiOt. Molecular Weight, loo 

Multiply moleaulu- numbei by 100 

IRON METASILICATE, FeO.SiOi. MOLECULAR 
WEIGHT, 132 

Mol. I .000 .001 .002' ,003 .004! .005 .006 .0071 OOsj .009 Mol. 



,00 .00 .13, .26 .40, .53 ,66 ,79, .92| 1,061 1.191 

.01 ' 1.32 1.45' 1.58j 1.72 1.85 1.98| 2.11 2.241 2.38' 2.5; 

.02 I 2.64 2.77 2,90i 3.04 3.17 3.30 3.43 3.56 3.70 3.83i 

.03 3.96 4,09' 4.22' 4,36 4,49 4.62 4.75 4.88 5.02! 5.15) . 

.04 I 5,28 5.41' 5.541 5,68 5.81, 5,94! 6.07; 6.20, 6.341 6.47' 

.05 6.60, 6,73^ 6,86, 7.0o! 7.13 7.26 7.39 7.521 7:66: 7.79 
.06 1 7.92| 8,05' 8,18, 8.32I 8,451 8.58 8.71; 8.84I 8.98| 9.11 
.07 ' 9.24' 9.37! 9.5o| 9.641 9,77l 9.90jl0.03'I0.16 I0.30;10.43' 
.08 10.56.10,6910,82 10,9611.0911.22,11.3511.4811.6211.75 
.09 ;il,88|12.01|12.14 12. 28;i2. 41 12,5442.6712.80.12.94:13.07 

.10 ,13. 20 13. 33 13. 46,13. 60'13. 73,13. 86 13. 8914. 12114, 26J14. 39 
.11 |l4. 52114. 65,14. 78,14. 92 15, 0515. 18 15. 31 15. 4415. 58 15. 71 
.12 :i5.8415.97;i6,10ll6.24|16.37|l6,6016.6316.76;i6.9o|l7.03 
,13 'I7.1617,29!l7.42|l7.5617.69,17.82|l7.95|l8,08'18.22'l8.35 
.14 :18.48il8.61'18.74 18.8818.0l!l9.14:i9,27ll9,4019.54 19.67: 

.15 Il9.8019.93'20.06 20,2o!20.33 20.46i20.59'20,72'20.86l20.99: 
.16 21,12!21.25'21.38 21.52 21.65 21.78 21.9l'22.04 22.18'22.3l| 
.17 j22. 4422. 5722, 7022. 84 22. 97I23. 10,23. 2323, 36 23. 50'23. 63; 
.18 '23. 76 23. 8924, 02,24. 16124. 2924. 42124,55 24. 68 24. 82|24."95j 
.19 25. 08 26. 21I25, 3425. 48'25. 61 25. 74 25, 87 26. 00:26. 14 26.27! 
: I I I : I > I 
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QUANTITATIVE CLASSIFICATION OF IGNEOUS ROCKS 



IRON METASILICATE, FeO.SiO,. MOLECULAR 
WEIGHT— (CondiiTOd) 



Mol. 


"i 

.000 ; ,001 


.002 


.003 .004 


.006 


.006 .007 


.008 


.009 


Mol. 


.20 


26.40 


26, 53 26, 66 26. 8026. 93 27. 0627. 19 27. 3227. 46'27. 89 .20 


.21 


27,72 


27. 85 27, 98:28, 12 28, 25 28. 38 28. 51 28. 6428. 78 28. 91 .21 


22 


28.04 


29. 17.29, 3029, 44 29, 5729, 70 29, 83 29, 9630. 10 30. 23 .22 


.23 


30.36 


30.49130.62 30.76 30.89 31,02 31, 15 31, 28'31, 42 31,55 .23 


.24 


31.68 


31. 81:31. 94 32. 08.32.21 32. 34.32-. 47 32. 60 32. 74 32, 87 


.24 


,25 


33.00 


33. 13133,26:33.40133. 53 33t 66 


33.79 33.92 34.0634.19 


.25 


.26 


34,32 


34.45:34.58134.72 


34,85 34,98 


35. 1135.24 35.38135. 51 


.26 


.27 


35,64 


35.77|35.9036.04 


36.17,36.30 


36,43,30. 56,36.70:36.83 


.27 


.28 


36,96 


37.09:37.22 37.36 


37.4937-62 


37,7537.88138.02:38.15 


.28 


.29 


38.2S38.4l|38,54i38.dS 


38.8138.94 


39.0739.20,39.34 39.47 


.29 


,30 


39. 60|39. 73139, 86 40.00 


40 1310 26 


40.39 40. 52'40. 66140.79 


.30 


,31 


40, 92141. 05:41, 18|41. 32 


41.45 41-58 


41.7141.8441,98 42.11 


.31 


.32 


42.24J42.37j42.50 42.64 


42.77 42.90 


43.03 43.16 


43.30 43.43 


.32 


.33 


43.5643. 69143, 82'43. 96 


44.09 44.22:44.35 44.48 


44.62 


44,75 .33 


.34 


44-8845. 01 45,1445-28 


45.41.45.54:45.67 45.80 


45.94 


46,07 ,34 


.35 


1 1 
46. 20:46. 33'46. 46 46.60 


1 ' 
46.73 46.86'46.99!47,12 


47.26 


47.30 .35 


.36 


47.5247.65147.7847.92 


48. 05 48. 18:48.2148. 44 


48.58 


48.71 .36 


.37 


48. 84^48. 9749. I0I49. 24 


49.37 49.50149.63 49.76 


49.90 


60.03| .37 


.38 50.16;50,29l50,42 50.56|50,69,50,82l50,95i51,08 


51.22 


51.35| .38 


.39 


51,48 61.61 51, 74 51. 88162. 01 ■52, 14 52, 27:52-40 52. 54 

■ ' ' ! 1 1 1 


52.67 .39 
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214 INTRODUCTION TO THE STUDY OF IGNEOUS ROCKS 



MAGNESIUM ORTHOSILICATE (FOESTERITE), 2MgO.- 
SiO,. MOLECULAR WEIGHT, 140 







Dnito 


CBlcOl 


tionia 


oae-hal 


molec 


jIk- number of MiO) 






Mol 


1°" 


.001 


.002 


,003 


.004 .005 


1 1 1 

.0061 .007 . 008 1 .009, Mol. 


.00 


.00 


.14 .28 


.42 


.ae 


.70 


.84 .98 


1.12 


1.26 


-00 


.01 


1.40 


1.54 I.feS: 1.82 


1,96 


2.10 


2.24 2.38 


2-52 


2,66 


.01 


.02 


2.80 


2.94' 3.08 3.22 


3,36 


3.50 


3,64: 3.78 


3.92 


4,06 


.02 


.03 4.20 


4.34' 4.48 4.62 


4.76 


4.90 


5,04i 5.18 


5 32 


5,46 


,03 


.04 5.60 


5,74 5,88 6,02 


6,16 


a. 30 


6,44 


6-58 


6.72 


6,86 


,04 


,06 7.00 


■ 
7.14J 7.28' 7.42 


7,56 


7.70 


7,84 


7,98 


8.12 


8,26 


,05 


.06 8.40 


8.54! 8.68 8.82! 8.96 


9.10 


9,24 


9,38 


9,52 


9,66 


,06 


,07 1 9.80 


9.9410.08110.22 10.36 


10.60 


10,64 


10,78 10,92 


11,06 


,07 


.08 ,11. 20111. 3411. 48|ll. 62111, 76 


11.90 


12,04 


12,1812,32 


12,46 


,08 


.09 


12.60|i2,74 


12.8813,02 


13,1613.30 


13,44 


13.58 13,72 


13,86 


,09 


.10 


14.0014.14 


14.28 14.42 


14,56'l4,70U,84 


14.98,15.12 


15.26 


-10 


,11 


15.40ll5.54 


15.68 15.82 


15.9616,1016,24 


16.38 


16.52 


16.86 


.11 


.12 


16.80 16. 94il7. 08,17, 22 


17,3617,5017,64 


17,78 


17,92 


18,06 


,12 


.13 


18.20 


18.34118,48 


18-62 


18,76;i8.90!l9,04 


19,18 


19,32 


19.46 


,13 


.14 


19.60 


19.74] 19, 88 


20,02 


20,16 


20.30,20,44 


20,58 


20,72 


20.86 


,14 


.15 


21.00 


21,14|21,28 


21,42 


21,56 


21.70|21.84 


21,98 


22,12 


22.26 


-15 


.16 


22.40 


22 , 54 22 , 68 


22,82 22.96 


23.10l23.24 


23,38 23,52 


23.66 


.16 


.17 


23.80 


23,9424.08 


24,22 24. 36:24. 50124, 64 


24,7824,92 


25.06 


.17 


.18 i25.20 


25.3425.4825.62 25.7e;25.90|26.04l26.I826.32 


26,46 


-18 


.19 26.60 


26.74|26.88!27.02 27.ie'27.3027,4427.58j27.72 


27-86 


.19 
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QUANTITATIVE CLASSIFICATION OF IGNEOUS ROCKS 215 



MAGNESIUM ORTHOSILICATE (FORSTERITE), 2MgO.- 
SiOj. MOLECULAR WEIGHT, 140— (Conhnued) 



Mol. ; .000 .001 .002 



.004 .005 .006 ! ,007 .008' .009 Mol. 



.20 28. 00.2S-1438.2S28. 4228. 6628. 70.28. 842S.98i29. 1229. 26 .20 

.21 29^29. 5429. 6829. 8229. 9630. 1030. 2430. 3830. 52^30. 66 .21 

.22 30. 8030, 9431, 0831, 2231. 3631. 6031. 6431. 78,31, 9232. 06: ,22 

,23 132, 2033, 3432. 4832. 6232, 7632, 90'33,04'33, 1833, 32'33, 46 ,23 

.24 133,6033, 7433. 88:34. 02|34. 1634, 30'34. 4434, 5834. 7234, 80 ,24 

.25 135,0035,1435,2835,4235.5635,7035,8435,9836,1236-26 .25 

.26 '36, 4036, 54.36, 6836. 8236, 9637. 10^37, 2437, 3837. 5237. 66 ,26 

,27 137.8037, 9438, 0838, 2238, 36|38,50;38. 6438. 7838, 9239,061 ,27 

,28 ^39,20 39,34 39,48'39,62 39,76:39.90|40,04|40.18|40.32J40.46| .28 

.29 40. 6040. 74'40. 8841. 02.41, 16^41. 3041, 4441. 5841. 7241, 86i ,29 

I 42.0042. 1442, 2842, 4242. 5642. 70,42. 84'42. 9843, 1243 26' ,30 

43. 4043. 54J43, 68 43. 82 43, 96:44, 10,44. 24 44. 38 44, 52 44, 66 ,31 

0,44, 94 45. 08 45. 22 45. 36 45, 50:45. 64 45, 78 45, 9246, 06 ,32 

; 46-2046, 34146 ', 48 46. 62 46. 76 46. 90 47, 04|47, 18 47, 32 47, 46 ,33 

■ 47, 60'47, 7447. 8848, 02:48, 1648, 3048. 4448, 5848, 7248, 86 ,34 



49, 00 49, 14 49, 28 49, 42 49, 56 49, 70J49, 84,49, 98 60. 12 50, 26 
50, 40,50, 54 50, 68 50, 82|50, 96 51. 10 51, 24151,38 51. 52 51. 66 
51,80,51,94J52.08|62.32 62,36'52,50 52,64:52,78 52,92 53,06 
53. 20 53. 34 53. 48 53, 62 53, 76 53, 90,54, 04'54, 1854, 32 54, 46 
054,74 54.88 55.02155.16 55-30 55.44,55,58 55.72 55,86 



.35 
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216 INTRODUCTION TO TUB STUDY OF IGNEOUS ROCKS 



IRON ORTHOSILICATE (FAYALITE), 2FeO.SiO,. 
MOLECULAR WEIGHT, 204 

(Unit of calculstion ia one-half molenulu number of FeO) 



Mol. 


.000 


.001 


,002 


1 1 
.003! .004 .005 

1 


.006 .007 


.008 


.009 


Mol. 


.00 


.00 


.20 


.41 


,61 


.82 


I.02I 1.22 


1,43 


1.63 


1-84 


.00 


.01 


2.04 


2.24 2.45 


2.66 


2.86 


3,06| 3.26 


3.47 


3,67 


3,88 


,01 


-02 


4.08 


4.28 4.49' 4.69 


4 90 


5.10' 5.30 


5.51 


5.71 


5-92 


-02 


.03 


6,12 


6.32 6,53 6.73 


6.94 


7.14> 7.34 


7.55 


7.75 


C.96 


-03 


.04 


8-16 


8,36 8.57 8,77 


8,98 


9.18 9.38 


9.59 


9-79 


10.00 


.04 


■ .05 


10.20 


10.4010.6110.81 


11.02 


11.22 11.42 


11.63 


11.83 


12-04 


,05 


.06 


12.24 


12.44 12,65112.85 


13.06 


13.2613.46 


13.67 


13.87 


14.08 


,06 


.07 


14.28 


14,48'14,69 


14,89 


15.10 


15-30,15.50 


15.71 


15.91 


16.12 


.07 


,08 


16.32 


16,52 


16.72 


16,93 


17-14 


17.3417.54 


17.75 


17,95 


18.16 


.08 


,09 


18.36 


18-56 


18,77 


18.97 


19,18 


19.38 


19.58 


19.7919.99 


20-20 


.09 


.10 


20.40 


20.60 


20.81 


21.01 


21.22 


21.42 


21.62 


21, 8322. 03 


22-24 


,10 


.11 


22.44 


22.64|22.8523.06 


23.26 


23.46 


23.66 23.87 


24-07 


24,28 


.11 


.12 


24.48 


24.68 


24.89,25.09 


25,30 


25.50 


26.70:25.91 


26.11 


26-32 


.12 


.13 


26,62 


26-72 


26,93;27.13 


27,34 


27-64 


27-74|27.95 


28.15 


28.36 


.13 


,14 


28,58 


28-76 


28.97 


29-17 


29,38 


29.58 


29.78 


29-99 


30,19 


30,40 


-14 


.16 


30-60 


30.80 


31.01 


31.21 


31,42 


31.62 


31.82 


32.03 


32.23 


32-44 


-15 


.16 


32.64 


32.84 


33,05 


33,26 


33,46 


33.66 


33.86 


34.07|34.27 


34-48 


.16 


,17 


34,68 


34,88 


35.11 


35,31 


36.50 


35-70 


35.90 


36.11136-31 


36.52 


.17 


.18 


36.72 36,92 


37.15 37,35 


37,54;37.74 


37.94 


38-15'38,35 


38-56 


.18 


.19 


38-76 38.96 


39:19'39.39 

1 


39.58 39.78 


39,98 


40,19 40-39 


40-60 


,19 



ji-vGooglc 



QUANTITATIVE CLASSIFICATION OF IGNEOUS ROCKS 217 



ACKERMANITE, 3Ca0.2SiOj. MOLECULAR WEIGHT 







(Unit o{ cbIcuI 




umber 


fC«0) 






Mol. 


! : 

.000 ■.001 ,002 


-003 .004 

1 


.005 .ooe! ,007 


1 
,008 ,009 


Mol. 


.00 


-00 .29 .58 


.se' 1.15 1.44 1.73 


2,02 2.30 


2.59 


.00 


-01 


2.88] 3.171 3.46 


3.74: 4.03 4.32! 4.61 


4,90 5.18 


5-47 


.01 


,02 


5.76! 6.051 6,34 


6,62; 6,91 7.20| 7.49 


7.78 8,06 


8.35 


.02 


,03 


8.64 


8.93' 9.22 


9.50 9.79 10. 0810. 37' 10. 66' 10. 9411. 23 


.03 


.04 ,11.52 


11.81 


12.10 


12.3812-6712,9613,25 13.54 13.82 14.11 


.04 


,05 ,14.40 


14-69 


14.98 


1 
15.2615.55 15.84 16.1316,42 


16-70 


16,99 


.05 


,06 ;I7.28!l7.57 


17.86 18.14 18.43 18. 72^19. Ol|l9-30 


19.58 


19.87 


.06 


.07 j20. 1620,45 


20-7421 -02:21 .31 21 .60 21 .89;22. 18 


22.46 


22.75 


.07 


.08 23,04,23-33 


23 - 62:23 . 90,24 . 19, 24 . 48,24 , 77125 , 06' 25 , 34 


25.63 


.08 


-09 ,25.92'26.21 

; 1 


26 . 50I26. 78l27 . 0727 . 36 27 . 65;27 , 94;28 . 22128 , 61 

1 ! ' 1 : 1 ' 


,09 
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218 INTRODUCTION TO THE STUDY OF IGNEOUS ROCKS 



MAGNETITE, FeO.FejO,. MOLECULAR WEIGHT, 232 



Mol. 


1 1 1 
OOOi .OOlj .002' .003 


.004 .005, ,006 .007 


.008 .009 


Mol. 


.00 


.00 .23 


1 
,46: .70 


.93 1,16 1.39 


1.62 


1 
1,86 2.09 


.00 


.01 


2-32' 2.55 


2.78; 3-02 


3.25 3,48 3.71 


3.94 


4.18 


4.41 


.01 


.02 


4-64 


4,87 


5,10| 5.34 


5,57 


5,80: 6,03 


6,26 


6.50 


6.73 


.02 


.03 


6.96 


7,19 


7,42! 7.66' 7,89 


8,12 8,35 


8,58 


8.82 


9,05 


.03 


.04 


9.28 


9.51 


9,74: 9,9810.21 


10,4410,67 


10.90 


11.14 


11.37 


04 


.05 


11,60 


11.83:12,0612,3012.53 


12.7612.99 


13.22 


13.46 


13.69 


.05 


.06 


13.92;i4.1514.38;14.62,14.86 


15.0815,31 


15,54 


15,78 


16.01 


.06 


.07 


16.2416.47116.7016.9417.17 


17.40ll7,63 


17,86 


18,10 


18,33 


.07 


.08 


18.56 18.79 19.02 19. 26! 19. 49 


19,7219,95 


20,1820.42 


20.65' .08 


.09 


20.88 21.11 21.34:21.68 21. 8l|22.04|22. 27 

: 1 ■ 1 1 


22.5022.74 


22.97; .09 


ILMENITE, FeO.TiOj. MOLECULAR WEIGHT, 152 


Mol. 


.000 


.001; .002 


1 
.003' .004 

1 


,006 


.006 


.007 


.008 1 ,009; Mol. 

i 1 


.00 


.00 ,15 


.30 


.46 ,61 


.76 


,91 


l,06l 1,22 


1,37 


,00 


.01 


1.52 1.67 


1,82 


1.98 2,13 


2,28 


2,43 


2,58j 2,74 


2,89 


,01 


.02 


3.04: 3.19 


3,34 


3.50 


3,65 


3,80 


3,95 


4,10 4,26 


4,41 


,02 


.03 


4.56 4.71 


4.86 


5,02 


6.17 


5,32 


5,47! 5.621 5,78 


5,93 


,03 


.04 


6-08 6,23 


6.38 6,54 


6.69 


6-84 


6-99 7.14 7,30 


7.45 


,04 


.05 


7.60 7.75 


7,90| 8,06 


8,21 


8,36 8.51 8.66' 8.82 


8.97 


.05 


.06 


9,12i 9,27 


9,42; 8,58: 9,73 


9,88:10,03 10, 18' 10. 34 


10,49 


.06 


.07 


10,6410,79 


10,94U.10;U.25 


11,40 


11,56 11.7011,86 


12,01 


.07 


.08 


12-16 12,3112.46 12,62:12.77 12.92 


13,07 13,2213-38 


13,53 


.08 


.09 


13.68 13,83 13,9s'l4, 14 14,29:14.44 

1 1 1 


14,69 14,7414.90 


15.05 


.09 
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QUANTITATIVE CLASSIFICATION 6F IGNEOUS ROCKS 219 
HEMATITE, FcjO,. MOLECULAR WEIGHT, 160 



Mol. .000 OOU 



.004! .005 .006! .007 .0081 .009 Mot. 



00 


.00 .16 ,32; .48i ,64 .So' .96 


1 i 1 
1.12 1.28 1,44! 


.00 


01 


1,60| 1,76' 1.92 2,08' 2.24' 2,40 2.56 


2,72' 2,881 3,04i 


,01 


02 


3,20| 3.36 3,52 3,68' 3,84i,4,0ot 4,16 


4,32| 4,48 4,64 


.02 


03 


4.80 4.96 5,12 6. 28' 5,44 5,60 5,76 


5,92 e.Os! 6,24 


.03 


04 


6.40 6,56| 6,72 6.88, 7.04: 7.20j 7.36 


7.52I 7.68 7.84 


.04 



Mol. i .000' ,001 1 



,004! .005 .006 .007 1 .0081 .009 Mol. 



00 


,00 


.34 .67 


: 1 1 1 { 1 1 
1.01 1.34! 1,68 2.02 2.35 2,69: 3,02. ,00 


01 


3,36 


3,70 4,0; 


4,37 4,70' 5,04' 5,38 5,71 6,05^ 6, 38. .01 


02 


6,72 


7,06| 7,3S 


7,73| 8,06 8,40 8,74 9.07 9,41 9,74| ,02 


1)3 


10',08 10,42110,75 11,09:11,42 11,76 12,10 12,43 12,77 13,101 .03 


,04 


13.4413.7814.11 14,46 14,78^15,12 15,46 15,79.16.13 16.46 .04 



ACMITE, Na2O.Fe,O,.4Si02. MOLECULAR WEIGHT, 462 
Mol, I ,000 .001 ,002, ,003 i .004 .005; .006 .007 I .008 , .009 | Mol. 



23.10 
27,7^ 
32,34 



,46 


.92 


5.01: 


5..'>4 


9,7( 


10.16 


14,32 


14 7^ 


18.94 


19,40 


23.56 


24,02 


28.18J28.64 


32.80 


33,26 



1-39 1,85 2,311 2,77 
6.01' 6,47. 6,93' 7,39 
10,63lll,09 11,55 12,01 
15. 2515. 7l'l6, 17 16,63 
19,87 20,33 20.7921,25 



3,23 3.70i 4.16 .00 

7.85' 8.32, 8.78 .01 

12,47:12,94 13.40 .02 

17.09J17.56 18-02 .03 

21.7122.18!22.64 ,04 



24.95 25. 4I!25.87|26, 33,26, 8OI27. 26 
29. ir29. 57 30. 03 30. 49.30. 95131. 42,31. 88' 
33,73 34. 19 34, 66,35, ll|35. 67:36. 04.36,601 
138.35 38,81.39,27139.73140,19 40,66 41,12; 



,05 



41. 58 42, 04 43, 50:42, 97 43, 43;43, 89,44-35,44, 81|45, 28 45,74; .09 
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220 INTRODUCTION TO THE STUDY OF IGNEOUS ROCKS 



SODIUM META3ILICATE, NaiO.SiO,. MOLECULAR 
WEIGHT, 122 



Mol. .000 

1 


1 1 
.001 L002 !.0O3 

t 1 


.004 


.005 


.006 


.007 


.008 


.009 


Mol. 


.00 


.00 


.12 


1 
.24 .37 


.49 


.61 


.73 


.85 


.98 


1.10 


.00 


.01 


1.22 


1.34 


1.46! 1.5t 


1.71 


1,8; 


1.95 


2,07 


2.21 


2,32 


.01 


.02 


2.4^ 


2.56 


2,6f 


2.81 


2.93 


3-05 


a- 17 


3.2i 


3,42 


3.54 


.02 


.03 


;i.6f 


3 7^ 


;i,9r 


4,o:- 


4,15 


4,21 


4-3t 


4 51 


4.64 


4.76 


.03 


.04 


4,88 


5.00 


5.12 


5.25 


5.37 


5.49 


5-61 


5.73 


5.86 


5.98 


.04 


.OS 


6.10 


6.22 


6.34 


fi.47 


fi.5ft 


6,71 


6.83 


6,95 


7.08 


7,20 


.05 


.06 


7 :« 


7,44 


7.5( 


7 6( 


7 Rl 


7,9:- 


8.05 


X.17 


X,3< 


8.42 


■.06 


.07 


R.-'i'l 


8,66 


8,78 8,91 


9.03 


9.15 


9.27 


9.3G 


9.52 


9.64 


.07 


-08 


9.7fi 


9.Hf 


10 001 10, 1? 


10.25 10.37 10. 4c 


10.61 


10.7-1 


10.86 


.08 


.09, 


10.98 


11.10 


11.2211.35 


11.47 


11.59 


11.71 


11.83 


11 96 


12,08 


.09 



PEROFSKITE, 


CaO.TiO 


. MOLECULAR WEIGHT, 


136 


Mol, 


.OOO' .001 ,002 ,003 


,004 


-006 


-006 


-007 1 .008 .009 Mol. 

i 


.00 


.00; .14 


.27 


.41' .54 


.68 


.82 


.95 


1.09 


1.22 


.00 


.01 


1.36! 1.5C 


1.63 


1.71 


1.9f 


2.04 


3. If 


2.31 


2.45 


2.5f 


.01 


.02' 


2.72: 2.8( 


2.9« 


3.1? 


3.26 


3.4C 


3-54 


3.67 


3.81 


3.94 


.02 


.03 


4.08' 4.22' 4.35 


4.4! 


4,62 


4.7e 


4 9( 


5.0? 


5.17 


5.3C 


.03 


.04 


5.44: 5.58i 5.71 


5.85 


5.98 


6.12 


6.26 


6.39 


6.53 


6.66 


.04 


05 


6.80 6.94 


7.07 


7.21 


7.34 


7.48 


7.62 


7.75 


7.89 


8.02 


-05 


.06 


8.16' 8,3( 


8.43 


8,57 


8.71 


8.841 8,96 


9-11 


9.25 


9.36 


.06 


.07 


9.52' 9.6f 


9 7fl 


9. Hi- 


10. m 


10. 2( 


10.84 


10,47 


10.61 


10.74 


.07 


.08 10.88:11.02 


11.15 


ll 2f 


11.42 


11 56 


11, 7f 


11. 83111. 97 


12.1c 


.08 


.09 12.24'l2,38 


12.51 


12.65 


12.78 


12.92 


13.06 


13.1913.33 


13.46 


.09 
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TITANITE, CaO.TiO,.SiOi. MOLECIILAK WEIGHT, 
196 



Mol. . 000 |. 001 

i 


.002 


,003 


.004 


-005 


-006 


.007 


.008 


.009 


Md. 


.OO , .00 


1 1 
.20 .3el .60 


.78 


1 
.98, 1.18 


1.37 


.... 


1.76 


.00 


.01 1.06 


2,16 2,351 2.55: 2,74 


2 94j 3.1^ 


3.3? 


3.5S 


3.72 


.01 


.02 1 3.92 


4,12, 4.31; 4.51 


4,7( 


4.90, 5.K 


5.21; 


5,41; 


5,6* 


.02 


.03 , 5.88| 6,08| 8.271 6.47 


6.661 6,86i 7,06 


7.25 


7.4.') 


7.W 


.03 


.04 


7.84 8.04 8.23; 8.43 


8.62 8.82; 9.02 


9.21: 9.41 


9.60 


.04 


.05 


9.80110,0010.19,10.39 


30.58jI0.7810.98 


11.1711.37 


11,56 


.05 


.06 


11,7611.9612.1512.35 


12.54 32.74 32.9^ 


13.13 13,3:; 


13.52 


-06 


.07 


13, 7213, 9214, n!l4, 31 


14.50 14.70 14. 9C 


15.09 15. 2S 


15-4^ 


-07 


.08 


15.68!l5.88|l6.07il6.27 


16.46 16.66 16.86 17.05 17.25 17.4^ 


-OH 


.09 


17.64 


17.84 


18.03 


18.23 


18.42 18.62 


18.82 19.01,19.21 


19.40 


.09 



FLUORITE, CaFii. MOLECULAR WEIGHT, 78 



Mol. .000 , .001 ' .002 .003 .004 | .005 



.007 .008; .009 I Mol. 



.00 


.00 


.07 


.16 .23 


.31 


.3, 


.47 


.,,,, 


.62 


.70 


-00 


.01 


.7)i 


,Hf 


.94 


1.01 


l.Of 


1.17 


1,2s 


1 , 3;i 


1.40 


\Af 


,01 ■ 


.02 


i.m 


1.64 


1.72 


1.7S 


is: 


1.95 


2.0a 


2.11 


2.1^ 


2.2(] 


.02 


.03 


2.34 


2.42 


2.5f 


2.57 


2.65 


2.73 2.81 


2.8S 


2.96 


3.04 


.03 


-04 


3.12 


3,20 


3.28 


3.35 


3.43 


3.51! 3.59 


3.67 


3.74 


3.82 


.04 


.05 


3.90 


3.98 


4.06 


4.13 


4.21 


4.29 


4.37 


4.45 


4.52 


4.60 


.05 


.06 


4.6f 


4.7f 


4.84 


491 


4.9J 


5.07 


5 15 


5.2? 


5.3r 


S..'!* 


.06 


.07 


5. 45 


5.54 


S.62 


5.6E 


5.77 


5.85 


5.9S 


6.0] 


6, Of 


6.16 


.07 


.08 


6.24 


6.32| 6.4C 


6.47 


6.55 


6.6f 


6.71 


6.7f 


6-Re 


6-94 


.08 


.09. 


7.02 


7.10 


7.18 


7.25 


7.33 


,.« 


7.49 


7.S7 


7.64 


7-72 


.09 
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AbaoTokite, 139 
Absorption, 17 

in horablende, 81 
Accessory miaerals, 2 
Acmite, 86 
Acute bisectrix, 36 
Adamtdlite, 124 
Aegirite, 86 
Aegirita-Augite, 86 
Aegirite-Trachyte, 131 
Akerite, 120-126 
Alaskite, 117 
Albite, 60 

l&w, 50 
AUivaUte, 126 
Almandite, 80 
Alndite, 135 
Alsbachite, 118 
Amphibole group, 78 
Amphibole-Malignite, 121 
Amplitude of vibration, 16 
An^cite, 89 
Analyzer, 32 
Andendiortte, 124 
Andeaine. 50 
Andeette, 111 

Andesite-Porphyry, 138, 139 
Andradite, 89 
Anhedial outlines, 148 
Aaorthite, 50 
Anortboclase, 48 
Apacfaite, 134 
Apatite, 92 
Aphanitic texture, 4 
ApUte, 117 
Artvedsonite, 84 
Ariegite, 127 



Auganite, 138 
Augite, 78 

crystal habit, 79 

in basalt, 113 

in diabase, 112 
Augite- Andesite, 138 
Augite-Trachyte, 131 
Augite- Vogeeite, 133 
Augitite, 142 
Axial angle, in hornblende, 35 

Banakite, 138, 139 
Barium-Orthoclaae, 62 
fiarkevikite, 84 

Basalt, 113 

Basaltic hornblende, 82 

Baaanite, 141 

Basic magma, 11, 12 

Becke teat, 19 

Beerbachite, 126 

Biaxial crystals, transmission of light 

in, 32 
Biaxial figure, 38 

of muscovite, 39 

of plagioclase on (010) section, 
58 '^ 
Biotite, 77 

Biotite-Augit»-Kersantite, 139 
Biotite-Dacite, 137 
Biotite-Granite, 118 
Biotite-Hornbtende-Dacite, 137 
Biotite-HOTnblende-P y r o Jt e ne-Da- 

cite, 137 
Biotite-Kersantite, 139 
Birefringence, 21 
Bisectrix, acute, 36 

obtuse, 36 
23 ' ,j ,C.OO<^lc 



224 IN 

fiorolanite, 121, 132 
Boetooite, 132 
Broasite, 88 

Bytownite, 50 

Calcite, 93 
Camptonite, 139 
Ctmcrinite, 92 

Cancrinite-Syenite, 121, 122 
Carlsbad law, 49 
Celsian, 62 
Cenotypal habit, 129 
Chemicikl analysis of rocks, 1 
Chlorite, 96 
Ciminito, 138, 139 
Comendite, 130 
Common garnet, 89 
Conglomerate, 13 
Cortlandtite, 127 
Corundum, 93 

Corundum-Nephelite-Syenitc, 121, 
122 



Dacite, 111 
Dellenite, 137 
Dellenite- Porphyry, 137 
Determination of character of elon- 
gation, 29 
direction of vibration cf plane 

polarized light, 25 
double refraction, 27 
fast and slow raya, 28 
optical character of uniaxial 

crystals, 31 
ot biaxial crystab, 39 
order of interference colors, 27 
plane of vibration of the lower 

nicol, 17 
vibration directions, 25 
in mica teat plate, 39 



Diabase, 111 
Diallage, 87 
Diallagite, 126 
Diopside, 86 
Diorite, 101, 125 
Diorite-P(wphyry, 7 
Dispersion of optic aSea, 41 
Ditroite, 121, 122 
Diverse arrangement, 148 
Docrj^alliae texture, 144 
Dohyaline texture, 144 
Domite, 132 
Dopatic fabric, 146 
Dosemic fabric, 148 
Double refraction in calcite, 21 
Dunite, 127 
Durbachiie, 125 

Ekerite, 118 

Elongation character, 29 

Enstatite, 88 

Enatatitite, 126 

Epidote, 94 

Equant habit, 109 

Equigranular fabric, 144 

Essexite, 126, 128 

Euhedral outlines, 148 

Euktolite, 135 

Eulysite, 127 

Extinction angles, mcasuremcHi 

43 
Extraordinary ray, 21 

FeldBpars, 46 
Felsite, 129 
Fourchite, 136 
Foyiiite, 121, 122 

Gabbro, 102 

Garnet, 89 

Garnet- Pyroxene-M align ite, 12] 

Gauteitc, 138, 139 
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Glass, 4 
Gneiss, 13 
Granite, 99 
Granite- Porphyry, 7 
Granitoid texture, 4 
Granodiorite, 123 
Gronidite, 13& 
Grossulorite, 89 
GroundmasB, 4 
Gypaum test-plate, 29 

Harrisite, 126 
Hartzburgite, 127 
Haiiynite, 89 
Hematite, 95 
Hiatal fabric, 145 
Holocrystalline texture, 144 
Holohyaline texture, 144 
Hornblende, 78 
Hornblende- A ndesite, 138 
Hornblende-Basalt, 140 
Hornblende-Biotite- Granite, US 
Hornblende-Granite, 118 
Hornblende- Keraantite, 139 
Hi»'nblend^MiG&-Ande8ite, 138 
Hornblende-Picrite, 127 
Hornblende-Pyroxene- A ndesite, li 
Hornblende-Syenite, 120 
Hornblende-Vogesite, 133 
Homblendite, 142 ' 

Hyalocrystalline texture, 144 
Hyalophane, 62 
Hypersthene, 87 
Hyperethene-Andeeite, 138 
Hyperathene-Basalt, 140 
Hypersthenite, 126 

Irregular habit, 148 
IjoUte, 122 

Index of refraction, 18 
Inequigranular fabric, 145 
Intensity of light, 16 



InterfS'ence colors, 29 
Interference figure, in uniu, 
tals, 31 
in biaxial crystals, 38 
Intersertal structure, 112 
Isotropic media, 19 

Jacupirai^te, 122 

Kaolin, 47 
Kentallenite, 125 
Kimberlite, 127 
Kulaite, 141 

Labradorite, 50 
Lamprophyre, 133, 139 
Latite, 138 
Laurdalite, 121, 122 
Laurvikite, 119 
Lepidomelane, 78 
Leucite, 72 
Leucite-Basanite, 141 
Leucite-Phonolite, 136 
Leucite-Tephrite, 141 
Leucite-Tinguaite, 135 
Leucitite, 135 
Leucitophyre, 135 
Lherzolile, 127 
Limburgite, 142 
Limestone, 13 
Limonite, 95 
Liparite, 129 
Litchfieldite, 121, 123 
Lithoidite, 129 
Luciite, 125 
Lujauiite, 121, 123 

Madupite, 135 
Maenaite, 131 
Magnetite, 94 
Magnophyric, 147 
Malchite. 125 
Malignite, 121 
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Marble, 13 
Mariupolite, 121, 122 
Measurement ot extinction angles 

43 
Mediophyric, 147 
Melanite, 89 
Melaphyre, 140 
Melilite, 91 
Melilite-Baealt, 135 
Metamorpliic rocks, 13 
Miascite, 121, 122 



Mic 



,76 



Mica-Andesite, 138, 139 
Micft-Peridotite, 127 
Mira-Syenite, 120 
Miea-Trachyte, 131 
Mica tmt-plate, 29, 39 
Microchemical tests for analcite, ! 

for hauynite, 90 

Cor nephelite, 72 

fcr noeelite, 90 

for sodalite, 90 
Microcline, 47 
Microperthite, 68 
Minette, 133 
Minophyric, 147 
Misacurite, 122 
Mode, 150 
Monchiquite, 135 
Mondhaldeite, 13S, 139 
Moiiionit«, 135 
Muscovite, 77 
Muacovite- Granite, 118 
MuHoovite-Biotite-Granite, 118 

Nephelinite, 122 
Nephelite, 70 

Nephelite-Malignite, 121, 122 
Nephelite-Syenite, 100 
Nevadite, 129 
Nicol prism, 21 
Nordmarkite, 119 



Norite, 104 
Norm, 150 

Noeelite, 89 

Obsidian, 129 
Obtuse bisectrix, 36 
Odinite, 140 
Oligoclase, 50 
Olivine, 73 

OUvine-Basalt, 113, 140 
Olivine-Diabase, HI 
Olivine-Gabbro, 102 
Olivine-Monzonile, 123 
Optic axes, 35 
Optic axis, 19, 20 
Ordinary ray, 21 
Orendite, 134 
Ornoite, 125 
Orthoclase, 49 
Ouachitite, 136 

Paiaanite, 130 
Paleotypal hahit, 129 
Pantellerite, 130 
Parallel airai^ement, 148 
Percrystalline texture, 144 
Perhyaiine texture, 144 
Pericline law, 51 
Peridotite, 126 
Period of vibration, 16 
Perlite, 129 
Perpatic fabric, 146 
Persemic fabric, 147 
Phanerocryatalline texture, 4 
Phase, 16 
Phenocryat, 106 
Phonolite, 108 
Picrite, 127 
Pitchstone, 129 
Phigioctase, 49 
Plane of the optic axes, 36 
Plane polarized light, 15 
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Pleochroism in basaltic hornblende, 
82 
in tourmaline, 92 
Poilcilitic fabric, 146 
FolariEed light, 15 
Polarizer, 22 
Porphytite, 138-139 
Porphyritic fabric, 146 
Prismoid habit, 14S 
Propylite, 138 

PBeudoleueite-Syenite, 121, 122 
Pulaakite, 119 
Pyrite, 96 

Pyrogenetic minerals, 2 
Pyrope, 89 
Pyroxenes, 86 
Pyrosene-Andesite, 138 
Pyroxene-Granite, 118 
Pyroxenite, 126 
Pyrrhotite, 95 

Quartz, 69 

Quartz-Augite-Diorite, 124 
Quartii-BaflaJt, 137, 140 
Quartz-Boatonite, 129 
Quartz-Diorite, 101, 124 
Quartz- Hornblende- Diorite, 124 
Quartz-Keratophyre, 130 
Quartz- Mica-Diorite, 124 
Quartz-Mica-Hornblende-Diori te 

124 
Quartz-Mica- Hypersthene- Diori t e 

* 124 
Quartz- Monzonite, 124 
Quartz- Porphyrite, 137 
Quartz-Porphyry, 129 
Quartz wedge, 30 
Quartzite, 13 
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Relative values cf indices of refrac- 
tion, 18 
in feldspars, 63 
Rhombenporphyry, 131 
Rbyolite, 104 
Riebeckite, 84 
Riebeckite- Granite, 117 
Riebeckite-Trachyte, 131 
Rockallite, 118 



Radial arrangement, 148 
Ray, 15 
Refraction, 17 



Sanidine-OhgociaBe-Trachyte, 131 

Sanukite, 138, 139 

Saxonite, 127 

Schist, 13 

Scyelite, 127 

Sedimentary rocks, 13 

Serapatic fabric, 146 

Seriate fabric, 146 

Seriate- Homeoid fabric, 145 

Seriate-Intersertal fabric, 146 

Seriate-Porphyritic fabric, 146 

Serieite, 47 

Serpentine, 95 

Shale, 13 

Shonkinite, 121 

Shoshonite, 138, 139 

Siliceous magma, 12 

Slate, 13 

Soda-microcline, 48 

Sodalite, 89 

Sodalite-Syenite. 119, 121,"I22 

Solvabergite, 132 

Spessartite (mineral), 89 

(rock), 139 
Subhedral outlines, 148 
Subparallel arrangement, 148 
Sussexite, 122 
Syenite, 100 

Symmetrical extinction aisles in 
plagioclase, 52 
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T&bular habit, 148 
Tawite, 122 
Tephrite, 14i 

Teschenite. 128 
Theralite, 128 
Tinguaite, 134 
Titanite, 94 
Tonalite, 121 
TOnabcrgite, 120 
Tordrillite, 129 
Tourmaline, 91 
Trachyte, 106 
Trachyandesite, 138, 139 
Trachydolerite, 138, 139 
Twinnii^ ot feldspars, 47 



Umptekite, 119 

Uniaxial interference figure, 31 

Urtite, 122 



Venansiite, 135 

Verite. 138, 139 

Vibration directions, determmatlon 

of position of, 25 
VoResite, 133 
Volcanite, 137 
Vulsinite, 138, 139 

Wave surface of isometric cryetals, 
22 

of uniaxial crystals, 22 

of biaxial crystals, 34 
Weathering ot feldspars, 46 
Websterite, 142 
Wehrfite, 127 
Wyomingite, 134 

Zircon, 91 

Zonal structure in plagioelase in 
andesite. Ill 
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